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FOREWORD 


This  is  the  final  technical  report  covering  a  Phase  II  effort  on 
research  and  development  on  the  flywheel  as  an  energy  storage  device 
for  use  in  the  performance  of  aircraft  actuation  functions.  The  Phase  I 
effort  investigated  energy  storage  concepts  for  aircraft  actuation  func¬ 
tions,  and  exhaustively  analyzed  all  pertinent  design  features  of  the 
flywheel. 

This  Phase  II  effort  is  an  experimental  demonstration  program  for 
the  operation  of  aircraft  flight  control  and  utility  function  simulators 
using  energy  storage  substations  which  have  flywheels  as  the  principal 
energy  storage  element.  Both  the  Phase  I  and  Phase  II  programs  were  con¬ 
ducted  by  North  American  Rockwell  Corporation,  Los  Angeles  Division,  under 
USAF  Contract  AF33(615)-2971,  Project  No.  8128,  Task  No.  2,  and  USAF  Con¬ 
tract  AF33 (615) -5173,  Project  No.  3145  and  Task  No.  314528,  respectively. 

Initial  Phase  I  effort  began  1  July  1965.  The  period  of  effort  which 
this  report  documents  is  from  1  July  1966  through  31  Decenfoer  1967.  Tins 
program  was  monitored  by  Mr.  R.  Smith  (APIE-3) ,  of  the  Air  Force  Aero 
Propulsion  Laboratory,  RTD,  Wright-Patterson  Air  Force  Base,  Ohio.  All 
effort  was  conducted  at  North  American  Rockwell  Corporation,  Los  Angeles 
Division,  under  the  direction  of  Mr.  C.  W.  Helsley,  Jr.  as  Program  Manager, 
assisted  by  Mr.  B.  J.  Call. 

This  report  is  identified  as  North  American  Rockwell  Corporation  Report 
No.  NA-67-964,  pending  USAF  approval.  Publication  of  this  technical  report 
does  not  constitute  Air  Force  approval  of  the  report's  findings  or  conclu¬ 
sions.  It  is  published  only  for  the  exchange  and  stimulation  of  ideas. 


Paul  E.  Peko,  Maj  USAF 
Br  Chief,  Propulsion  and  Power 
%  Aerospace  Power  Division 
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ABSTRACT 


There  are  two  principal  uses  for  flywheels:  To  create  processional 
forces  (such  as  gyroscopes)  and  to  store  kinetic  energy.  This  program  demon¬ 
strated  the  use  of  optimized  energy  storage  flywheels  for  the  purpose  of  sup¬ 
plying  peak  energy  demands  in  aircraft  flight  control  and  utility  actuation 
function  duty  cycles. 

Three  simulators  were  used.  One  was  a  tilt  table  for  investigation 
of  processional  loads  on  bearings.  Another  was  the  XB-70  landing  gear 
similator  for  demonstration  of  both  hydraulic  and  mechanical  power  extrac¬ 
tion  from  flywheels  in  the  performance  of  intermittent  type  of  aircraft 
actuation  duty  cycles.  A  third  simulator  demonstrated  1,500  hours  of  air¬ 
craft  flight  control  operation,  wherein  a  bank  of  three  XB-70  elevons  were 
supplied  one  third  of  their  peak  liydraulic  flow  from  a  motor-pump  driven  by  ? 

a  flywheel.  This  test  demonstrated  300  flights  of  5  hours  each. 

These  endurance  test  demonstrations  were  the  second  phase  in  a  two-  • 

phase  program.  Phase  I  effort  established  analytically  that  very  substantial 
weight  savings  can  be  made  in  aircraft  through  the  use  of  energy  storage 
substations  in  secondary  power  subsystems. 

The  three  simulators  were  driven  by  three  identical  energy  storage 
substations.  The  only  failures  that  occurred  to  the  substations  through¬ 
out  the  testing  were  associated  with  rotary  seals  and  support  bearings  for 
the  flywheels,  and  motor-pump  rotating  groups. 

Tlie  program  very  successfully  demonstrated  the  operating  characteristics 
and  the  feasibility  of  using  flywheel  energy  storage  substations  in  the 
accomplishment  of  aircraft  actuation  functions.  The  program  also  verified 
the  validity  of  the  weight  saving  estimates  made  in  Phase  I. 
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Section  I 
GENERAL 


This  report  covers  the  Phase  II  activities  of  a  program  to  demonstrate 
the  overall  feasibility,  in  texms  of  performance,  reliability  and  weight,  of 
energy  storage  substations  employing  a  flywheel  as  the  basic  energy  storage 
device.  The  energy  storage  concept  embraces  an  approach  wherein  the  energy 
represented  by  the  surplus  power  available  in  the  secondary  power  subsystem 
dknripg  a  greater  portion  of  a  typical  air  vehicle  mission  is  stored  in  one 
or  none  substations.  The  substations  are  located  as  close  as  possible  to 
the  point  of  power  use. 

It  had  been  shown  during  Phase  I  studies  ( refer  to  AFAPL  TR  66-29)  that 
this  approach  offered  the  possibility  of  saving  significant  amounts  of  weight. 
Therefore,  the  basic  function  of  this  Phase  II  program  was  to  demonstrate  the 
reliability  of  the  flywheel  and  to  more  accurately  evaluate  the  potential 
weight  savings.  This  demonstration  program  was  also  intended  to  show  the 
dynamic  response  characteris tics  of  the  energy  storage  substation  when  used 
in  flight  control-type  systems,  and  the  durability  of  the  device  when  used 
in  both  flight  control  and  utility  applications* 

As  previously  indicated,  the  flywheel  is  the  "heart"  of  the  system.  It 
is  the  device  which  stores  the  energy  through  increased  rotational  speed 
(and  increased  internal  stress)  and  gives  up  energy  by  slowing  down.  For 
this  reason,  before  discussing  the  demonstration  program,  it  would  be  well  to 
review  some  of  the  flywheel  characteristics  which  were  used. 

1.  The  flywheel  was  made  from  a  high  endurance  limit  (140,000  psi) 
stress  steel  which  was  determined  in  Phase  I  to  oe  the  most  sat¬ 
isfactory  material  currently  available. 

2.  The  cross  section  of  the  flywheel  was  of  the  so-called  "optimized 
disc"  shape.  The  sides  of  the  disc  were  double  reversed  exponen¬ 
tial  curves  thicker  at  the  lab  than  at  the  tip.  This  cross  section 
approached  as  closely  as  possible  the  ultimate,  but  unattainable, 
objective  of  uniform  stress  throughout  the  material . 

3.  At  a  given  stress  level,  the  "optimized  disc"  configuration  has 
the  same  specific  energy  storage  (i.e. ,  energy  stored  per  pound  of 
weight)  irrespective  of  diameter.  This  means  that  a  large  diameter, 
thin,  and  slow- turning  flywheel  of  the  "optimized  disc"  configur¬ 
ation  will  store  the  same  energy  at  the  same  weight  as  a  small 
diameter  "chunky"  flywheel  turning  at  high  rotational  speed. 

4.  In  addition  to  its  energy- storage  characteristics,  the  flywheel 
is  a  gyroscope.  This  means  that  when  mounted  on  a  maneuvering 
platform  (such  as  an  air  vehicle)  which  maneuvers  in  three  planes, 
the  flywheel  will  generate  significant  and  sometimes  destructive 

p recessional  loads  in  its  support  bearings. 
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5.  All  other  things  being  equal,  the  precessional  loads  are  a  function 
of  flywheel  diameter  and  bearing  support  spacing.  The  smaller  the 
diameter  and  the  wider  the  support  spacing  the  lower  the  preces¬ 
sional  loads.  Therefore,  to  reduce  precessional  loads,  a  flywheel 
should  be  of  as  small  a  diameter  and  as  "chunky"  a  cross  section  as 
possible. 

6.  Windage  losses  are  a  major  determinant  of  flywheel  energy  storage 
effectiveness.  All  other  things  being  equal,  flywheel  windage 
losses  are  a  function  of  the  density  of  the  gas  surrounding  the 
flywheel  and  the  diameter  of  the  flywheel.  The  less  dense  the  gas 
and  the  smaller  the  flywheel  diameter  the  less  the  losses. 

As  a  basis  for  setting  up  the  demonstration  tests,  typical  aircraft 
actuation  functions  have  been  divided  into  two  general  classifications  which 
are  identified  as  "intermittent"  and  "continuous."  Functions  fitting  the 
"intermittent"  classification  are  defined  as  those  in  which  short  periods 
of  peak  power  demand  are  followed  by  long  quiescent  periods  of  zero  pcuver 
demand.  The  speed  brake  and  flap  systems  of  most  airplanes  fit  this  descrip¬ 
tion  as  do  the  landing  gear  and  rocket  package  extension  systems.  On  the 
other  hand  the  "continuous"  classification  is  defined  as  one  in  which  a  con¬ 
tinuous  low  level  of  power  demand  exists  (usually  less  than  10  percent  rated) 
upon  which  is  superimposed  intermittent  periods  of  high  power  demand  (approach¬ 
ing  100  percent  rated).  Functions  fitting  this  classification  are  frequently 
designated  "flight  control"  type  and  are  exemplified  by  the  operation  of 
ailerons,  elevens,  rudders,  air  inlet  control  systems,  etc.  It  then  follows 
that  the  duty  cycles  associated  with  these  two  functional  classifications 
establish  design  criteria  sufficiently  diverse  that  separate  demonstrations 
were  warranted. 

For  the  purposes  of  this  program,  the  main  landing  gear  extend  and  retract 
functions  and  the  flight  control  elevon  actuation  function  of  the  XB-70  air¬ 
craft  were  selected  as  best  exenplifying  the  "intermittent"  and  "continuous" 
applications  respectively  for  the  endurance  test  demonstrations.  Three  simu¬ 
lators  were  used  in  the  accomplishment  of  these  objectives.  These  are: 

1.  A  Tilt  Table 

2.  A  Flight  Control  Simulator 

3.  A  Landing  Gear  Simulator 

Each  of  the  above  units  is  described  subsequently  in  detail;  however,  it 
is  significant  to  point  out  that  due  to  careful  selection  of  functions  to  be 
demonstrated  and  tests  to  be  run,  it  was  possible  to  use  essentially  the  same 
type  of  energy  storage  substation  assembly  for  each  of  the  three  demonstrations. 

The  planned  program  of  testing  was  as  follows: 


Tilt  Table  Testing 
Flight  Control  Testing 


100  hours 
1,500  hours 
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* 


Landing  Gear  (hydraulic 
power  extraction) 


10^000  cycles 


Landing  Gear  (mechanical 
power  extraction)  10,000  cycles 

Tilt  table  testing  was  essentially  completed  prior  to  starting  either  the 
intermittent  or  continuous  duty  cycle  endurance  testing.  These  first  tests 
established  several  important  facts  and  cleared  up  many  areas  where  only  pro¬ 
jected  thinking  was  available,  on  which  to  base  operational  procedures  for  the 
simulators. 
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Section  II 


ENERGY  STORAGE  SUBSTATION 


The  basic  function  of  the  energy  storage  substation  demonstrated  during 
this  program  was  to  store  the  surplus  energy  available  in  an  aircraft  hydrau¬ 
lic  system  during  periods  of  steady-state  (low)  demand  and  make  it  available 
for  use  by  the  power  using  (output)  device  during  periods  of  peak  demand.  Of 
the  four  demonstration  tests  conducted,  three  extracted  power  from  the  hydrau¬ 
lic  system  for  storage  purposes  and  returned  it  to  the  hydraulic  system  on 
demand.  Tlie  fourth  (i.e.,  the  mechanical  intermittent  duty  test)  also  ex¬ 
tracted  the  power  for  storage  from  the  hydraulic  system  but  delivered  the 
demand  power  mechanically  in  the  form  of  rotating  shaft  power. 

In  the  interests  of  simplicity  the  substation  designed  for  this  program 
was  set  up  so  that,  with  only  slight  modifications,  it  could  be  adapted  to  any 
of  the  four  demonstrations.  The  resulting  substation  is  shown  in  figure  1 
and  the  photograph  of  figure  2.  All  three  units  built  were  essentially  iden¬ 
tical  except  for  interchanging  different  motor-pump  units.  Figure  1  shows  a 
New  York  Air  Brake  motor-punp  installed  whereas  figure  2  shews  a  Vickers 
motor. 

As  can  be  seen  in  figure  1  the  energy  storage  substation  consists  of  a 
flywheel  (to  store  energy) ,  a  hydraulic  motor-pimp  (acting  as  a  motor  to  keep 
the  flywheel  wound  up  and  acting  as  a  pimp  to  extract  energy  on  demand) ,  a 
gearbox  (to  couple  the  motor-punp  to  the  high-speed  flywheel  and  to  provide 
a  power  takeoff  pod  for  the  extraction  of  mechanical  power) ,  and  a  service 
puirp  group  (to  lubricate  and  scavenge  the  substation  and  evacuate  the  fly¬ 
wheel  case) .  Each  of  these  components  is  discussed  in  detail  in  the  follow¬ 
ing  paragraphs. 

A.  FLYWHEEL  DESCRIPTION 


The  flywheels  for  all  of  the  energy  storage  substations  were  purposely 
designed  the  same,  even  though  optimization  would  have  caused  them  to  each 
be  of  different  capacities.  Identical  flywheels  were  chosen  in  the  interest 
of  overall  program  effectiveness.  First,  they  would  be  essentially  inter¬ 
changeable  on  the  simulators;  and  second,  a  proper  evaluation  of  their  true 
capabilities  could  be  more  easily  made  if  disruptive  factors  resulting  from 
size  and  configuration  differences  did  not  enter  into  the  analysis  of  data. 

Table  I  is  a  tabulation  of  the  flywheel  geometry  and  characteristics.  It 
was  created  by  using  direct  ratios  of  the  flywheels  computed  and  tabulated  during 
the  Phase  I  program. 

Total  kinetic  energy  was  determined  from  the  values  of  required  useful 
kinetic  energy  and  speed  reduction.  The  following  relationship  was  used: 


rc  _ (Maximum  Speed)2 _ 

*rotal  ilseful  (Maximum  Speed) 1  -  (Minimum  Speed) 2 
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Figure  1.  Energy  Storage  Substation  * 
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Figure  2.  Energy  Storage  Substation 
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The  useful  kinetic  energy  was  established  from  the  duty  cycle  required  of  the 
simulators,  and  the  speed  reduction  was  established  by  determining  the  minimum 
speed  that  could  be  tolerated  by  the  punp  and  still  meet  the  flow  requirements. 

Havir  r'  established  a  total  kinetic  energy  requirement  from  the  foregoing 
it  was  ther.  necessary  through  sizing  a  number  of  flywheels  to  make  a  weight  and 
trade-off  study  of  windage  losses,  precessional  loads  resulting  from  bearing 
spacing,  housing  weight,  housing  design,  and  general  space  and  mounting 
provisions. 

As  a  result  of  the  above  analysis,  it  was  found  that  a  12-inch  diameter 
flywheel  was  the  most  efficient  in  terms  of  energy  storage  versus  weight 
at  52,400  rpm  when  considering  the  flywheel  alone.  However,  this  was  not 
necessarily  true  when  considering  the  overall  flywheel  assenbly  consisting  of 
the  flywheel,  its  housing,  seals,  and  bearings.  The  analysis  indicated  that 
the  large  OD  and  relatively  slender  cross  section  of  the  12- inch  diameter 
flywheel  when  compared  to  a  lesser  diameter  "chunkier"  flywheel  led  to  dispro¬ 
portionately  large  windage  losses  and  placed  greater  demands  on  the  bearings 
to  resist  precessional  loads  (refer  to  item  5,  page  2).  At  the  same  time,  the 
"slender"  flywheel  with  a  given  bearing  support  spacing  has  a  lesser  inherent 
shaft  stiffness.  The  weight  saved  in  the  slender  flywheel  was  more  than  off¬ 
set  by  increased  weight  in  the  housing  and  bearings;  therefore,  the  present 
10- inch  diameter  flywheel  was  selected  as  most  nearly  approaching  optimum 
for  the  conditions.  The  10 -inch  diameter  selected  could  have  been  operated 
at  6,584  radians/second  without  exceeding  140,000  psi  tensile  stress;  however, 
in  consideration  of  the  interrelated  and  sometimes  conflicting  requirements 
for  specific  energy  storage,  windage  loss,  and  bearing  life,  operation  at 
5,487  radians/second  (i.e.  52,400  rpm  or  97,222  psi  tensile  stress)  was 
selected. 

Tlie  flywheel  was  mounted  in  ball  bearings  with  features  generally  as 
follows : 

25  mn  bore  (.9843  in.) 

2.0472  outside  diameter 

17  mn  width 

11/32  dia  ball  (11  each  bearing)  single  ball  row,  with  angular 
contact  and  outer  race  riding  cage,  light  series 

The  flywheel  shroud  was  contoured  to  fit  the  flywheel  exponential  shape 
with  a  uniform  clearance  of  1/8  inch,  thus  reducing  aerodynamic  losses.  To 
further  reduce  aerodynamic  losses,  the  shroud  was  evacuated.  Figure  3  is  a 
plot  of  the  horsepower  losses  versus  vacuum.  Rotary  carbon  seals  were  used 
between  the  evacuated  flywheel  and  its  bearings, 

A  cross-sectional  drawing  of  the  flywheel  in  its  housing  is  shown  in 
figure  4.  Figure  5  is  a  photograph  of  one  of  the  disassenbled  units  after 
34.5  hours  of  testing. 
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Figure  4.  Flywheel  Assembly 
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B.  GEARBOX  DESCRIPTION 


The  gearbox  consists  of  a  housing  which  contains  three  gears  and  mounts 
a  gear-type  service  pump  group.  Figure  6  is  the  assembly  drawing  used  for 
its  manufacture  and  table  II  is  an  itemized  parts  list  keyed  to  the  callouts 
of  figure  6. 

The  gearbox  housing  is  fabricated  from  a  heavy  sectioned- aluminum  sand 
casting.  It  is  split  down  the  middle  and  the  two  halves  are  doweled  together 
so  that  all  the  gear  shaft  bores  and  bearing  seats  were  machined  in  one  setup 
to  the  extreme  accuracy  necessary  for  high-speed  operation.  The  gears  are 
hardened  and  lapped  to  attain  the  tooth  profile  accuracy  required. 

The  larger  gear  has  190  teeth  and  is  axially  aligned  with  motor-pump 
mounting  provisions  which  are  on  one  of  the  housing  halves.  The  motor-pump 
drives  this  gear  through  a  spline  at  8,000  rpm.  This  gear  meshes  with  two 
other  gears.  One  of  these  gears  has  29  teeth,  and  therefore  rotates  at 
52,414  rpm  for  introducing  power  into,  and  extracting  power  from,  the  fly¬ 
wheel  through  a  splined  quill  shaft.  The  flywheel  housing  bolts  rigidly  to 
the  gearbox  and  is  machined  to  maintain  accurate  alignment  between  this  gear 
and  the  flywheel.  The  gearbox  is  supported  by  this  attachment  which  consists 
of  a  flange  and  two  "outrigger"  pads.  This  gives  a  rigid  tripod- type  support. 

The  other  gear,  which  is  in  mesh  with  the  motor-pump  driven  gear,  has  175 
teeth  and  rotates  at  8,686  rpm.  It  is  referred  to  as  the  PTO  shaft  gear  and 
drives  the  mechanism  for  demonstrating  mechanical  power  extraction  in  conjunc¬ 
tion  with  the  Intermittent  Duty  Cycle  Simulator. 

The  service  pump  group  is  mounted  in  axial  alignment  with  the  motor-pump, 
on  the  opposite  side  (flywheel  side)  of  the  gearbox;  therefore,  it  is  also 
driven  at  8,000  rpm.  It  consists  of  three  gear  pimps ,  one  for  generating 
lubrication  pressure,  one  for  lubricant  scavenging  from  the  flywheel  bearings 
and  gearbox,  and  the  other  for  flywheel  cavity  evacuation.  The  pumps  are 
located  with  respect  to  each  other  in  the  above  order,  with  the  vacuum  pump 
being  nearest  to  the  gearbox. 

Pump  displacements  are  as  follows: 

Lubricant  pressure  punp  .038  in.T/rev 

Lubricant  scavenge  punp  .075  in.  rev 

Vacuum  punp  .325  in.  /rev 

Lubricant  from  the  pressure  punp  is  squirted  at  the  gear  teeth  in  two  places. 
This  lubricates  the  gears  and  at  the  same  time  creates  a  mist  which  lubricates 
the  bearings .  A  part  of  the  lubricant  flow  is  piped  to  the  flywheel  bearings 
as  shown  in  the  flywheel  assembly  drawing  of  figure  4. 

C.  fCTOR-PUMP  DESCRIPTION 


The  basic  motor-pump  selected  for  this  program  was  manufactured  by  the 
New  York  Airbrake  Company,  and  has  automatic  pressure-sensing  control  for 
determining  whether  it  should  be  motoring  at  full  displacement  or  should  be 
in  the  punping  mode.  In  the  pumping  mode,  displacement  is  variable  and  is 
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controlled  by  pressure.  Three  of  these  units  were  used  in  the  program  and 
were  designated  "automatic  units."  All  three  automatic  units  have  flow 
regulators  built  into  their  control  heads. 

The  Tilt  Table  Simulator  used  a  modification  of  the  above  motor-pump 
design.  The  modification  allowed  manual  control  of  the  motoring  and  pumping 
mode  by  means  of  pressure  supplied  to  an  external  port  in  the  control  head. 

An  externally-attached  flow  regulator  was  used  to  limit  motoring  speed. 

This  modified  "manual"  variety  of  motor-pump  was  actually  a  slightly  revised 
version  of  an  existing  production  unit  which  could  be  delivered  on  an  early 
schedule.  This  was  the  principal  reason  that  it  was  introduced  into  the  pro¬ 
gram.  Figure  7  is  a  cross-sectional  view  of  this  motor-nump. 

A  third  variety  of  motor-pimp  was  used  in  the  Tilt  Table  Simulator  test¬ 
ing.  It  was  manufactured  by  Vickers,  Inc,  and  was  obtained  (one  unit)  from 
the  XB-70  program.  It  was  introduced  into  the  flywheel  program,  because 
several  early  failures  of  the  prototype  motor-pump,  due  to  improper  operating 
conditions,  occurred  and  would  othexwise  have  delayed  flywheel  testing. 

A  more  detailed  description  for  each  of  the  units  follows. 

Figure  8  is  an  envelope  drawing  of  the  motor-punpjwith  "automatic"  pres¬ 
sure  sensing.  It  has  a  maximum  displacement  of  .4  in.  /rev  in  both  the  motor¬ 
ing  and  punping  modes  of  operation.  The  rotating  group  is  the  same  as  that 
shown  in  figure  7.  Each  type  contains  nine  pistons  and  has  an  operational 
speed  of  8,000  rpm. 

The  pressure  control  of  the  "automatic"  unit  positions  between  full  dis¬ 
placement  and  zero  displacement  in  the  pumping  mode  by  regulating  a  variable 
pressure  level  to  the  displacement  control  actuator.  This  is  dependent  upon 
the  existing  aircraft  system  pressure,  A  low  system  pressure  causes 
increase!  flow  from  the  unit,  thus  extracting  energy  from  the  flywheel  for 
high  demands  in  the  aircraft  control  system  duty  cycle.  A  higher  aircraft 
system  pressure  causes  the  pumping  mode  to  go  to  zero  displacement.  A  further 
increase  in  the  aircraft  system  pressure  causes  the  mode  control  valve  to 
port  pressure  into  a  chamber  of  the  pressure  control  unit  which  moves  an  addi¬ 
tional  valve  slide.  Movement  of  this  valve  slide  causes  the  mode  control 
actuator  to  go  to  full  displacement  as  a  motor.  Variations  in  the  aircraft 
system  pressure,  above  the  minimum  pressure  which  puts  the  unit  in  motoring 
mode,  do  not  vary  the  displacement  as  a  variable  motor.  The  maximum  speed 
is  limited  by  a  flew  regulator  in  the  high  pressure  port.  The  reason  that 
the  motor  was  made  to  operate  as  a  fixed  displacement  unit,  at  all  times  while 
in  the  motoring  mode,  was  to  make  it  possible  to  limit  the  speed  by  means  of 
a  flow  regulator.  In  seme  respects  it  would  have  been  advantageous  to  use 
the  motor  as  a  variable  displacement  unit.  For  example,  it  would  have 
smoothed  the  transition  from  punping  to  motoring.  However,  to  do  so  would 
have  necessitated  the  use  of  some  type  of  shaft  speed  sensing  governor  and 
would  have  complicated  the  development  and  procurement  of  the  motor-pump  unit 
considerably. 

The  above  description  also  applies  to  the  modified  "manual"  motor-pimp 
except  for  the  previously  mentioned  differences  in  the  pressure  control  valv¬ 
ing.  Figures  9,  10,  and  11  depict  the  variation.  This  modified  unit  requires 
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external  valving  in  the  test  sefcjp  to  apply  dunp  pressure  to  the  mode  control 
actuator.  The  shift  from  motoring  to  punping  is  manually  controlled. 

Figure  12  is  a  performance  envelope  for  these  New  York  Airbrake  motor- 
pumps. 

k 

The  third  variety  of  motor-pimp  used  in  the  program  was  from  an  XB-70 
emergency  generator  application.  The  rotating  group  had  been  developed 
specifically  for  the  XB-70  wing  fold  system  and  was  modified  for  driving  the 
emergency  generator  by  adding  a  new  control  head  for  accurate  speed  control. 
The  new  unit  had  more  displacement,  but  fortunately  had  exactly  the  desired 
speed  built  into  its  control  head. 

Figure  13  is  a  schematic  diagram  of  the  unit.  Other  pertinent  data  are: 

Displacement  .646  in. "V rev 

Speed  8,000  rpm 

Rated  operating  pressure  4,000  psi 

The  application  of  this  unit  for  the  emergency  generator  required  clock¬ 
wise  rotation  as  viewed  from  the  mounting  pad;  however,  for  the  energy  storage 
substation  application,  counterclockwise  rotation  was  required.  By  rotating 
the  control  head  180  degrees  it  was  possible  to  meet  the  reversed  rotation 
requirement.  This  change  blocked  the  case  return  passage  from  the  return 
port.  To  correct  this,  an  external  case  return  line  to  the  reservoir  was 
incorporated.  In  addition,  the  tipped  mounting  holes  were  reamed  to  accept 
the  unthreaded  shank  of  the  gearbox  mounting  studs. 

As  seen  in  figure  13,  this  unit  incorporates  an  anticavitation  circuit 
which  consists  of  a  fluid  recirculation  loop.  It  is  designed  to  protect  the 
rotating  group  from  cavitation  when  the  inlet  flow  is  suddenly  reduced  while 
the  shaft  continues  to  rotate  due  to  the  inertia  load  of  the  emergency  gen¬ 
erator  rotor.  Although  this  unit  is  not  a  motor-pump,  the  recirculation 
loop  creates  a  partial  punping  condition  which  was  considered  suitable  for 
the  application  to  part  of  the  testing  required  on  the  Tilt  Table  Simulator. 

A  further  clarification  of  this  unit's  performance  will  be  brought  about  in 
covering  the  actual  endurance  tests. 

D.  SUBSTATION  WEIGHT 


The  substation  shown  in  figures  1  and  2  stores  4,000,000  inch-pounds 
of  energy  at  a  weight  of  91  pounds.  If  packaged  for  an  actual  air  vehicle 
application,  the  same  unit  would  weigh  less  than  60  pounds.  The  reason  for 
the  weight  difference  is  the  fact  that  this  unit  was  standardized,  as  men¬ 
tioned  previously,  so  that  it  could  be  used  in  all  three  test  simulators 
interchangeably.  Because  of  this,  certain  compromises  had  to  be  made.  As 
an  example,  the  heavy  feet  seen  on  the  flywheel  in  figure  2  were  used  to 
accurately  transmit  processional  loads  to  tire  tilt  table  bed.  An  actual  air 
vehicle  unit  would  probably  be  suspended  on  a  light  system  of  tension  struts. 
Also,  the  PT0  gear  portion  of  the  gearbox  (seen  bulging  down  in  the  lower 
portion  of  figure  1)  is  used  for  only  one  out  of  the  four  tests  being  con¬ 
ducted  (i.e.,  the  intermittent  duty  cycle  mechanical  system  demonstration). 

In  other  words,  the  gearbox  weighs  at  least  one- third  more  than  necessary 
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Figure  13.  Hydraulic  Motor  Schematic  Diagram 
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for  an  actual  air  vehicle  application.  It  is  interesting  to  note  that 

thi!T?i!I?t^  P°^  -S  a  realfstic  fi*ire  for  actual  air  vehicle  hardware, 
r  s  Y*lght  ia  approximately  midway  between  the  weights  assigned  to 
eleT  md  main. landing  gear  applications  in  the  Phase  I^tudy 
(54  and  77  pounds,  respectively).  However,  the  elevon  study  of  Phase  I 

P5!C6nt  S?eed  redVction  Pereas  it  will  be  shewn  later  that 
the  actuat  hardware  only  experienced  an  8  percent  speed  reduction.  This 

means  that  the  actual  air  vehicle  unit  could  be  7  pounds  lighter  (53  pounds 
total)  and  still  meet  the  performance  of  the  study^it.  S  on  thesT 
facts  it  is  quite  apparent  that  actual  air  vehidy  hardware  will  be  liehter 
in  weight  than  the  weight  values  used  for  the  study.  ^ 
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Section  III 
TILT  TABLE  SIMULATOR 


A.  SIMJLATOR 


The  Tilt  Table  Simulator  is  a  table  which  is  designed  to  tilt  in  a  con¬ 
trollable  manner,  on  which  a  flywheel  energy  storage  substation  is  mounted. 
Figure  14  shows  the  simulator  in  a  partially  tilted  attitude.  Figure  IS  is 
a  schematic  diagram  of  the  test  setup  It  was  used  for  the  investigation 
and  demonstration  of  flywheel  precessional  effects  on  bearings,  and  to  assess 
the  potential  gyroscopic  effects  as  related  to  aircraft  stability.  An  addi¬ 
tional  principal  benefit  derived  from  operation  of  the  tilt  table  was  the 
experience  with  the  operation  of  a  system  of  bearings  and  its  associated 
lubrication  system  at  high  speeds. 

The  tilt  table  itself  is  of  channel  iron  construction.  The  movable 
platform,  on  which  the  flywheel  energy  storage  substation  is  mounted,  is  a 
16- inch  square  metal  plate  1/2  inch  thick.  It  is  pivoted  on  flange- type  ball 
bearings  wherein  a  1-inch  diameter  hole  is  provided  at  the  bearing  centerline 
axis  through  which  hydraulic  lines  are  routed. 

The  substation  used  consists  of  a  motor-pump  unit  with  modified  manual 
control,  a  gearbox,  and  a  flywheel.  The  modification  of  the  control  permitted 
the  substation  to  be  electrically  operated  to  assume  a  full  motoring  mode  and 
a  full  punping  mode  according  to  the  position  of  the  mode  and  dunp  valves 
which  are  external  to  the  tilt  table,  but  are  part  of  the  test  setup  adjacent 
to  the  laboratory  hydraulic  supply. 

A  manual  punp  discharge  load  valve  (see  figure  15)  downstream  of  the 
electrically-operated  shutoff  valve  allowed  pressure  drop  to  be  regulated  at 
the  flow  desired  to  exercise  the  system  at  its  design  capacity.  A  flow 
regulator,  supplied  as  part  of  the  motor-punp,  is  installed  in  the  high- 
pressure  line  coming  from  the  laboratory  supply  to  control  maximum  flywheel 
speed. 

B.  PRECESSIONAL  LOAD  TEST  SPECTRUM 


A  basic  objective  of  the  Tilt  Table  Simulator  endurance  tests  was  to 
show  the  effects  of  3,000  hours  of  XB-70  airplane  flight  time  on  the  fly¬ 
wheel  bearings  in  100  hours  of  total  test  time.  The  analysis  of  the  problem 
and  the  spectzum  which  was  established  also  included  other  varieties  of  air 
vehicles.  It  is  felt  that  the  selection  quite  well  covers  the  range  of  per¬ 
formance  for  manned  high-performance  air  vehicles.  Their  inclusion  and  the 
manner  in  which  they  were  included  provide  a  scale  of  value*;  against  which 
the  energy  storage  substation  was  tested. 

The  calculated  value  for  bearing  life  shown  in  taule  III  and  entitled 
"Percent  of  Bearing  Life  Consumed  in  3,000  Flight  Hours"  can  be  seen  to  be 
very  low.  This  could  lead  to  the  conclusion  that  bearings  do  not  represent 
a  problem  in  flywheel  design  and  would  be  a  correct  assumption  if  the  mode  of 
failure  were  always  ball  race  fatigue. 
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Figure  14.  Tilt  Table  Simulator 
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TILT  TABLE  TEST  TIME  AND  PRECESSICNAL  RATE  REQUI 


m0  i» 


I 


Ball  race  fatigue  is  the  limiting  mode  of  failure  for  a  properly  designed, 
installed,  and  lubricated  bearing  which  is  operated  within  the  load  and  speed 
limits  for  which  it  was  designed.  This  limiting  (longest  possible)  life  can 
be  consistently  attained  with  low  speed  bearings.  However,  as  bearing  speed 
(DN  value)  goes  up  failures,  due  to  other  failure  modes  which  are  less  pre¬ 
dictable  and  controllable,  tend  to  increase  in  frequency.  These  other  failure 
modes  include,  but  are  not  limited  to,  wear-out  failure  (usually  due  to  con¬ 
taminated  lubricant),  overheat  failure  (frequently  due  to  inproper  lubrication 
system  design) ,  and  ball  separator  failure  (usually  due  to  improper  bearing 
geometry  for  the  loads  and  speeds  encountered).  When  these  types  of  failure 
occur  they  can,  and  frequently  do,  reduce  bearing  life  by  several  orders  of 
magnitude  compared  to  the  bearing  life  (L)  predicted  from  the  above  formula. 

For  the  purpose  of  this  program,  the  problem  was  attacked  by  first 
tabulating  pitch,  roll,  and  yaw  maneuvers  for  groups  of  airplanes  which  are 
categorized  by  their  general  similarity  of  flight  characteristics  (tables 
IV  and  V) .  It  will  be  noted  that  a  table  for  yaw  maneuvers  is  not  included. 
This  is  because  yaw  rates  were  found  to  be  so  small  that  they  could  safely 
be  neglected.  The  airplane  groupings  are  long-range,  high-altitude  aircraft 
(XB-70);  medium-size,  low-level  strategic  aircraft;  and  fighter- reconnais¬ 
sance  aircraft.  The  acceleration  and  angular  velocity  characteristics  with 
respect  to  time  for  each  maneuver  was  then  approximated  by  a  trigncmetric 
function,  wherein  the  general  characteristic  of  a  sine  wave  is  predominant. 

An  integration  of  the  time  at  precession  rate  for  each  kind  of  maneuver  of  a 
general  airplane  class  was  performed  and  this  allowed  the  construction  of 
the  "time  exceedance"  curves  shewn  in  figures  16  through  21. 

The  time  exceedance  curves  were  stepped  off  in  appropriate  increments 
to  establish  the  total  percentage  of  available  bearing  life  that  its  par¬ 
ticular  maneuver  would  use  up  in  the  particular  aircraft  group  for  which  it 
represents  a  3,000-hour  flight  life.  This  percentage,  together  with  test 
time  requirements,  is  listed  in  table  III.  The  bearing  life  from  which  the 
percentage  is  proportioned  was  established  by  the  conventionally  accepted 
equation: 

L  -  (C/P)3 

wherein: 

L  «  life  of  bearing 

C  -  a  constant  established  from  a  known  life  of  the  bearing 
at  a  known  rated  load  and  its  design  speed 

P  »  load  applied  to  bearing  which  will  result  in  a  life  equal  to  L 

It  should  be  noted  that  the  test  time  requirements  cri  1  have  been  listed 
for  several  magnitudes  of  load  (i.e.,  tilt  table  precession!  rave).  The  one 
listed  represents  the  maximum  precession  load  plus  a  G-load  increment.  In 
any  event,  it  can  readily  be  seen  by  inspection  that  as  the  load  a hication 
due  to  tilt  table  precession  becomes  higher,  the  test  time  requirerent  be¬ 
comes  shorter. 
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Dutch  roll  1  rep/hour  Dutch  roll  2  rep/hr  Dutch  roll  2  rep/hr 

360-deg  rolls  0.4  rep/hr 


e  Curve 


duty  cycles  of  various  airplane  mooels  for  flywheel  analysis 

TIME  EXCEEDANCE  CURVES  VERSUS  CYCLE  AMPLITUDE 
SPECTRUM  FOR  3,000  FLIGHT  HOURS 
FIGHTER-RECONNAISSANCE  PITCHING  CYCLES 


IN  SECONDS 
ne  Exceedance  Curve 


As  a  clarification  of  the  G-load,  it  should  be  pointed  out  that: 

1.  The  G-load  never  adds  algebraically  to  the  precession  load 
except  for  loads  caused  by  aircraft  yaw  maneuvers. 

2.  The  processional  loads  imposed  by  yaw  maneuvers  are  negligible. 
(Since  any  installation  position  in  an  aircraft  will  always 
combine  them  with  much  larger  loads  caused  by  pitch  or  roll  man¬ 
euvers,  they  can  be  safely  neglected.) 

3.  The  G-load  varies  with  the  various  aircraft  maneuvers  and  air¬ 
craft  groupings. 

4.  The  G-load  adds  in  a  vector  quantity  for  all  pitch  and  roll 
maneuvers  unless  the  flywheel  mounting  calls  for  a  vertical  axis. 

In  this  case,  it  merely  changes  the  thrust  preload  on  the  bearing 
by  adding  to  one  and  subtracting  from  the  other. 

To  satisfactorily  account  for  the  above  factors,  the  G-load  was  added 
to  the  processional  load  in  variable  increments  arbitrarily  chosen,  based 
upon  a  review  of  accumulated  flight  data. 

Table  VI  is  basically  a  listing  of  the  selected  test  spectrum.  It  is 
arranged  essentially  to  allow  accomplishment  of  test  objectives  in  steps 
’hich  are  in  ascending  order  with  respect  to  severity  of  damage  on  the  bear¬ 
ings,  and  to  give  precedence  to  the  fulfillment  of  XB-70  airplane  installation 
requirements.  The  test  objectives  are  established  considering  that  the  mount¬ 
ing  orientation  in  an  airplane  will  always  require  that  pitch  or  roll,  or 
both  pitch  and  roll,  maneuvers  inpose  precessional  loads  on  the  flywheel 
bearings. 

C.  TILT  TABLE  SIMULATOR  TESTING 


Initial  operation  of  the  Tilt  Table  Simulator  substation  was  begun 
February  7,  1967.  It  was  planned  to  increase  teststand  pressure  until  the 
flywheel  began  to  rotate,  then  gradually  increase  speed  while  observing  vibra¬ 
tion  data  to  determine  the  frequency,  and  the  magnitude  of  the  resonant  points. 

When  frictional  breakout  occurred,  the  speed  increased  from  0  rpm  to 
over  20,000  rpm  and  it  was  found  that  this  was  about  the  minimum  speed  that 
could  be  effectively  maintained.  This  phenomena  can  be  readily  explained 
when  it  is  remembered  that  it  is  a  characteristic  of  the  design  of  the  New 
York  Airbrake- type  motor-punp  to  display  a  high  breakout  friction  since  the 
piston  shoes  do  not  become  floated  on  a  thin  film  of  oil  until  rotation 
begins . 

Because  the  speeds  between  0  and  20,000  rpm  were  passed  through  so  quickly, 
resonant  vibration  points  were  observable  only  as  transients.  Higher  speeds 
were  dwelled  upon  with  sufficient  time  to  establish  stabilized  conditions 
where  resonant  vibration  conditions  were  suspected.  The  search  up  to  56,000 
rpm  was  successfully  conducted,  with  a  minor  delay  occurring  when  36,000  rpm 
was  reached  due  to  a  bearing  overheat  problem  which  is  described  subsequently. 
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Table  VI 


TILT  TABLE  ENDURANCE  TEST  SPECTRUM 


Test  Objective 

Tilt  Table 
Rate 

Bearing 

Load 

Test  Time 
Increment 

lime  From 

Start  of 

Test 

I 

XB-70 

pitch 

11.7  deg/ 
sec 

54  lb 

38  hr 

38  hr 

II 

XB-70 

roll 

30.9  deg/ 
sec 

143  lb 

.45  hr 

38.45  hr 

III 

XB-70 
pitch  and 
roll 

30.9  deg/ 
sec 

143  lb 

2.05  hr 

40.5  hr 

IV 

Noted* 
and  pitch 

11.7  deg/ 
sec 

54  lb 

0**  hr 

40.5  hr 

V 

Fighter- 

Reconnaissance 

pitch 

23.5  deg/ 
sec 

108  lb 

0**  hr 

40.5  hr 

VI 

Noted* 

roll 

101.7  deg/ 
sec 

470  lb 

1.18  hr 

41.68  hr 

VII 

Noted* 
pitch  and 
roll 

101.7  deg/ 
sec 

470  lb 

.09  hr 

41.77  hr 

VIII 

Fighter- 

Reconnaissance 

roll 

182  deg/ 
sec 

838  lb 

1.22  hr 

42.99  hr 

IX 

Figjiter- 
Reconnaissance 
pitch  and  roll 

182  deg/ 
sec 

838  lb 

.02  hr 

43.01  hr 

Medium  size  low-level  strategic  aircraft. 


**  This  objective  was  satisfied  during  test  objective  III  in  that  the  total 
damage  accumulated  at  the  end  of  III  resulting  from  operating  the  tilt 
table  for  40.5  hours  at  30,9  degrees  per  second  exceeds  that  from  the 
equivalent  of  3,000  hours  of  operation  when  the  flywheel  is  mounted  so  as 
to  be  subject  to  pitching  only  in  the  types  of  air  vehicle  indicated. 
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This  vibration  search  revealed  no  resonance  conditions  of  measurable  mag¬ 
nitude  that  could  be  positively  identified  by  audible  changes  in  pitch  or 
visual  observation. 

Figure  22  is  an  expanded  trace  of  substation  vibrational  accelerations. 

This  particular  trace  is  one  taken  from  accelerometer  No.  5,  which  was  monitored 
at  35,373  rpm.  This  trace  is  typical  of  the  highest  acceleration  encountered 
during  testing  while  the  substation  was  operating  normally.  It  can  be  seen 
that  the  trace  represents  a  complex  combination  of  accelerations  occurring  at 
assorted  high  frequencies,  the  sum  of  which  totals  approximately  16. 6G. 

Because  this  trace  represented  one  of  the  worst  conditions  encountered, 
it  was  selected  for  further  analysis.  Figure  23  is  the  result  of  that  analysis. 
This  figure  was  created  by  running  the  magnetic  tape  results  from  figure  22 
through  an  analyzer  having  a  five- cycle  filter  bandwidth.  The  analyzer  scanned 
frequencies  from  0  to  3,000  cycles  per  second.  In  effect,  the  analyzer  broke 
the  complex  trace  down  into  tne  equivalent  sinusoidal  vibrations  in  terms  of 
frequency  and  "G"  amplitude.  From  this  figure  it  can  be  seen  that  the  primary 
contributor  to  substation  vibration  is  the  motor-pump  while  the  flywheel's 
contribution  is  nearly  negligible. 

Although  it  was  originally  felt  that  vibration  pickups  would  provide  an 
excellent  indication  of  imninent  bearing  failure,  actual  testing  has  not  proven 
this  to  be  true.  The  high  level  of  motor-punp  vibrational  output  shown  in 
figure  23  successfully  masks  the  changes  in  bearing  vibration  level.  There¬ 
fore,  the  best  indicator  of  imminent  bearing  failure  remains  the  temperature 
pickup. 

As  previously  mentioned,  the  test  operation  during  resonance  search  was 
uneventful  until  36,000  rpm  was  approached.  At  this  speed,  unacceptable  bear¬ 
ing  temperature  characteristics  appeared.  The  nature  of  the  problem  displayed 
a  time-dependent  element,  i.e. ,  after  a  few  minutes  at  or  near  this  speed  the 
temperature  began  to  rise  with  all  the  characteristics  oi  a  runaway  temperature 
condition.  Repeated  runs  to  this  speed  with  varied  lube  oil  flows  to  measure 
the  cooling  effect  of  the  oil  came  up  with  the  same  results.  The  only  exception 
to  this  rule  occurred  when  a  run  was  made  with  the  gearbox  inadvertently  evac¬ 
uated  to  a  low  absolute  pressure  by  the  scavenge  pump.  In  this  case  the  out¬ 
board  bearing  ran  cool.  A  comparison  of  the  outboard  bearing  with  the  inboard 
bearing  (which  always  ran  cool)  indicated  the  condition  could  be  corrected  by 
adding  a  bearing  cavity  vent  line  to  supplement  the  bearing  drain  line.  This 
conclusion  resulted  from  the  consideration  of  several  factors  as  follows: 

1.  The  bearings,  lihe  jets,  slingers  and  the  internal  geometry  of  the 
inboard  and  outboard  bearing  cavities  are  identical  except  for  the 
fact  that  the  inboard  slinger  (in  effect  an  axial  turbine)  can  blow 
the  air  and  oil  mist  it  draws  through  the  bearing  directly  into  the 
gearbox. 

2.  The  outboard  slinger  blows  directly  at  the  end  cap  and  the  only 
egress  for  the  oil-air  mixture  is  through  a  rather  small  drain  line. 
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GEARBOX  VIBRATIONAL  DATA  RECORD 


EWWCED  VIBRATION  DATA  RECORD 


Figure  23.  Vibration  Analysis 


3.  Overheat  did  not  occur  when  the  absolute  pressure  in  the  bearing 
cavity  was  low  and  the  slinger,  as  a  result,  was  a  relatively 
ineffective  air  pump. 

Based  upon  the  above,  it  was  concluded  that  the  overheating  occurred  as 
the  result  of  air  recirculation  peculiar  to  the  outboard  bearing.  The  air 
blown  by  the  slinger  would  find  its  way  back  to  the  low-pressure  side  of  the 
slinger  via  the  drain  passage  provided  for  the  carbon  face  seal  coolant  oil. 
This  air,  already  heavily  laden  with  hot  oil  mist  from  the  bearing,  would  pick 
up  additional  hot  oil  from  the  seal  and  cause  the  heated  and  reheated  mixture 
to  pass  through  the  bearing  a  second,  third  or  fourth  time.  A  supplementary 
effect  was  to  cause  the  bearing  to  run  flooded,  thus  generating  more  heat. 

It  was  correctly  concluded  that  the  addition  of  a  vent  line  would  break 
the  recirculating  cycle  and  allow  air  to  enter  the  cavity  tending  to  help  drop 
the  lubrication  level.  Subsequent  operation  produced  outboard  bearing  temper¬ 
atures  that  were  consistent  with  those  of  all  other  gearbox  and  flywheel  bear¬ 
ing  temperatures  (i.e.,  190°  to  210°  F). 

It  was  noted  that  when  operation  was  at  52,000  rpm,  the  flow  regulator 
allowed  the  motor-purr  unit  to  hunt  in  20-second  intervals.  The  flywheel 
speed  varied  during  tnis  interval  from  52,000  rpm  to  56,000  rpm.  unsuccessful 
attempts  were  made  to  eliminate  the  hunting  by  changing  the  supply  and  return 
pressures. 

The  motor-pump  unit  was  then  cycled  to  pumping.  The  resulting  slowdown 
was  relatively  smooth  and  quiet.  However,  toward  the  end  of  the  cycle,  the 
test  stand  relief  valve  started  to  chatter  violently. 

A  day  was  spent  troubleshooting  the  relief  valve  and  it  was  thought  that 
the  problem  was  fixed.  However,  on  the  next  slowdown  cycle  the  noise  and  chat¬ 
tering  was  even  more  pronounced.  Finally,  on  the  third  attempted  slowdown,  the 
motor-pimp  destroyed  itself.  A  photograph  of  the  destroyed  pump  disassembled 
is  shown  in  figure  24. 

At  first  it  was  thought  that  our  method  of  operating  the  motor-punp  during 
the  gradual  speed  increase  incident  to  resonance  search  may  have  initiated  the 
failure.  This  type  of  operation  involved  low  inlet  pressure  (1,500  psi). 
However,  after  discussing  the  failure  with  New  York  Airbrake,  it  was  concluded 
that  the  failure  initiated  from  a  defect  in  the  motor-pump  itself.  More 
specifically,  it  was  felt  that  the  failure  initiated  from  gradually- increased 
binding  of  a  piston  which  eventually  broke  that  piston’s  ball  end  and  then 
conplete  destruction  followed. 

Testing  was  resumed  using  the  XB-70  emergency  generator  motor,  taking 
advantage  of  its  recirculation  loop  to  perform  motor-pump  functions  with 
respect  to  extracting  energy  from  the  flywheel.  The  power  losses  associated 
with  the  recirculation  loop  consume  a  modest  amount  of  power.  The  power  con¬ 
sumed  was  sufficient  so  that  a  15  percent  flywheel  slowdown  occurred  in  less 
than  20  seconds.  However,  it  was  not  considered  feasible  to  further  modify 
the  control  head  so  that  greater  amounts  of  pc^er  could  be  consumed. 
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Figure  24.  Destroyed  Motor-Pump 


Recognizing  that  it  is  a  basic  purpose  of  the  tilt  table  tests  to  torque 
load  the  flywheel  while  subjecting  it  to  precessional  loads,  it  follows  that 
the  reduced  slowdown  rate  and  its  associated  fatigue  damage  could  be  compen¬ 
sated  for  by  using  increased  power  for  acceleration.  To  exactly  duplicate 
the  torque  loading  characteristics  of  the  original  motor-pumn,  assuming  essen¬ 
tially  equal  acceleration  and  deceleration  torques,  would  require  a  supply 
pressure  of  1,850  psi  for  the  substitute  motor-punp.  This  was  determined  from 
the  following  relationship: 

3000  psi  X  Iftlll  .  1850  psi 

.646  in.“Vrev(Substitute  Motor  Unit) 

However,  to  compensate  for  the  substitute  motor-pump's  lack  of  full  deceler¬ 
ation  torque  capabilities,  the  acceleration  torque  was  increased  by  raising  the 
supply  pressure  to  2,000  psi. 

The  endurance  test  was  begun  with  the  motor-pumn  set  up  as  just  described. 
The  test  followed  the  spectrum  of  table  VI.  Approximately  34.5  hours  of  testing 
was  completed  out  of  38  hours  required  for  completion  of  Test  Objective  I  in 
the  spectrum.  Table  VIII  (nine  pages)  is  the  recorded  data.  Table  VIII  is  a 
summary  of  calculated  results.  Figure  25  is  a  sample  data  record  from  which 
some  of  the  data  were  taken,  and  which  was  used  to  monitor  the  performance  of 
the  test. 

The  first  24  hours  of  testing  was  conducted  with  the  tilt  rate  adjusted  to 
slightly  less  than  12  degrees  per  second.  The  tilt  rate  had  some  variation 
throughout  the  stroke.  Maximum  tilt  rate  had  a  random  relationship  to  instan¬ 
taneous  flywheel  speeds*  since  this  was  a  function  of  an  independent  flywheel 
speedup  and  slowdown  cycle.  The  net  result  of  these  factors  was  to  create 
bearing  precessional  loads  of  a  variety  of  magnitudes.  The  accumulated  data 
indicated  that  the  average  magnitude  represented  a  reduced  load  on  the  bearings 
when  compared  to  the  constant  54  pounds  called  for  in  the  test  spectrum. 

At  this  point  (24  hours)  in  the  test,  a  review  of  the  effect  of  this 
reduced  load  was  made.  It  was  determined  that  an  increased  load  of  61  pounds 
for  the  remaining  14  hours  in  Test  Objective  I  would  result  in  a  bearing  life 
usage  equivalent  to  the  original  intent  (i.e.,  that  of  38  hours  with  a  54-pound 
bearing  load). 

The  actual  application  of  the  newly  increased  rate  resulted  in  a  load 
that  fluctuated  between  59  and  64  pounds.  This  load,  although  it  fluctuated, 
remained  more  consistent  in  the  remaining  portion  of  the  test  because  the  fly¬ 
wheel  speedup,  slowdown  cycles  were  discontinued. 

Shortly  before  the  end  of  the  last  full  day's  testing  (30  hours)  the  vibra¬ 
tion  traces  began  to  act  peculiarly.  The  test  stand  was  shut  down  and  it  was 
found  that  several  accelerometer  leads  were  loose.  After  tightening  these 
leads,  the  test  stand  was  restarted  and  the  vibration  traces  were  much  improved; 
however,  they  did  not  return  completely  to  their  original  characteristics.  At 
the  time,  the  continued  peculiarity  of  the  traces  was  ascribed  to  faulty  pick¬ 
ups;  however,  in  retrospect,  it  is  now  known  that  this  signaled  the  start  of 
serious  bearing  deterioration. 
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Table  VII 


TILT  TABLE  SIMJLATOR  TEST  DATA 


mil  B' aili 


tool  tool  to?  |  1*05 1  **05 1  **05 


to5l  **05 1  to5 1  too  I  tool  tool  too 
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Table  VII  (Continued) 
TILT  TABLE  SIMULATOR  TEST  DATA 


IMI  — M  J  V 

Running  Ties  of  loot  -  Basra 

nai 

mm 

139/ 

mm 

Ml 

mi 

BRH 

Vibration  tar .  at  flywheel 
Bearlngs-g's 

IRPP!*1 

ns 

mm 

ESI 

■n 

mm\ 

wm\ 

■HI 

■E 

mm 

■55 

M 

mm 

mm\ 

mi 

K 

(1)  Flywheel  Speed  at  mi  Motorlng-HP* 

(2)  m"<M  Speed  Attala  Under  Lead-RP* 

gj§ 

g| 

M 

21 

HI 

ffij 

Total  Preeeselonal  Load  Cycle a 

mm 

^55 

mm 

288^ 

?08; 

329A 

Are.  Tilt  Table  Velocity  -  deg/eae. 

U.9 

11.6 

Pfl 

11.2 

11.6 

U.6 

11.6 

n.6| 

A 

re .  Load  on  flywheel  Bearings  • 

lbs. 

Al 

42 

Al 

Al 

A3 

A2 

A2 

A2 

10, 

TEMPERATURE  DATA  -  DEG.  f 

1 

Teat  Pusp  Inlet 

1?? 

1?? 

13? 

133 

132 

131 

13? 

132 

c 

Test  Piasp  Return 

138 

138 

138 

137 

136 

133 

136 

137 

r 

Teat  Ptap  Case  Drain 

208 

200 

205 

211 

208 

210 

20A 

208 

Main  Ryd.  Reservoir  Supply 

128 

128 

128 

128 

19 

m 

m 

7 

5 

Lube  Oil  Return 

201 

202 

B53 

R9 

EM 

EWi 

m 

6 

Lube  Oil  Suction 

89 

89 

89 

90 

88 

88 

88 

86 

T 

Sc  cranes  Oil  Return 

132 

133 

13A 

132 

130 

132 

131 

130 

8 

Gear  Box  Bearlnx  Adjacent  Pump 

200 

200 

200 

200 

200 

20C 

201 

201 

9 

Gear  Box  Bearing  Adjacent  Flywheel 

185 

185 

182 

180 

180 

160 

182 

182 

m 

210 

EM 

208 

20A 

208 

EM 

E3B 

P!!l 

m 

■53 

R!1 

200 

201 

1?8 

198 

j 55 

12 

flywheel  Caee  Housing 

178 

17A_ 

178 

175 

172 

172 

175 

172 

3 

SYSTEM  PRESSURE  DATA  -  PS  10 

— 

27 

27 

27 

27 

27 

27 

27 

27 

22 

Inboard  Flyvbaal  Bearing 

20 

28 

28 

28 

28 

28 

28 

28 

3 

Lube  Pop  Pressure  Port 

68 

68 

68 

68 

68 

68 

68 

68 

Lube  Reservoir 

0 

0 

■El 

0 

0 

0 

0 

& 

Hyd.  Supply  Puap  Press.  Port 

2150 

5531 

2150 

2150 

2150 

2150 

2150 

2150 

is 

Test  Motor  Preaa.  Port _ 

2000 

3000 

2000 

2000 

2000 

1990 

2000 

1 551 

to 

Test  Motor  Return  Port 

110 

110 

110 

uo 

110 

110 

no 

no 

20 

Teat  Motor  Caaa  Drain 

BEfl 

A 

A 

■D 

IK! 

A 

A 

21 

I  Vacuum  at  Flyvhael  Sob  :  *  - 

In.  Hg 

29.A 

39 

29.A 

29.A 

29. A 

29.A 

29. A 

29.A 

3 

m'miwnwvrmmm  * 

V* 1 

IR1 

im 

■99 

IK! 

fra 

IK 

m 

Press  .  at  flywheel  Hub  .  -  cm  He  Ab 

ESI 

im 

nwsi 

EH 

1  kb 

fra 

IBB 

IBS 

1  funs  rum  data  >  opm 

Inlet  flaw  to  Motor 

L_?3 

23 

23 

23 

23 

123 

23 

I  23 

Caoe  Drain  flow  of  Motor _ 

IHH 

IRE 

!En 

iran 

IEH 

irac 

irac 

irac 

IKS 

ism 

IBS! 

113 

IK! 

im 

IK! 

lisa 

IE 

l^ITTTT'^IAM'irTl 

|  Aid 

|aio 

A10 

[  AID 

A10 

|  aid 

A10 

]AlO 
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Table  VII  (Continued) 
TIM  TABLE  SIMJLATOR  TEST  DATA 


Doto  bNt  fc. 


Tlbratlae  Jmg.  m t  n/vtwal 


I  2-28-6 


I  T^TTI 


(l)  Tlyvhool  Ipnl  »t  nil  Note 
(a)  Mini—  SpHi  Attala  Ctater 


Mrnn,.!'i'ii"— law 


*w.  Tilt  WMi  Ttloclty  -  do  (/mo. 


km.  Lend  op  flywh—  X  AtorlaM  -  lbo. 
BAZA 


T*rt  Bap  Attorn 


not  P—  Com  Brain 


Lubt  Oil  Soetlaa 


Oil  At  tan 


Bit  Motor  Com  Drain 


1  Hub 


mfcm 


J»»m  ot  r 


Xnltt  Plov  to 


WFZZW7& 

39*1 

*15 

■HE 

12.0 

12.1 

12.* 

*1 

*2 

*3 

** 

■■■■■ 

133 

13* 

R9EEHE1B!!] 

210 

212 

201 

210 

ESI 

202 

202 

88 

88 

89 

89 

129 

130 

131 

132 

202 

530* 

201 

20* 

163 

165 

165 

18* 

ESI 

208 

208 

210 

196  196 


172  |  171 1  171 1  171 1  172 1  171  1171  I  170 


12.1 

12.3 

12.3 

12.* 

*2 

*2 

*3 

*3 

132 

132  i 

131 

131 

E 

E 

1 

i 

21* 

1 201  ! 

206 

208 

128 

E* 

122 

12* 

205 

203 

205 

203 

88 

88 

88 

85 

131 

128 

202 

202 

2B 

202 

185 

183 

162 

209 

209 

210 

208 

28 

28 

28 

28 

66 

68 

2150 

2150 

2150 

2150 

2150 

2000 

2000 

2000 

2000 

no 

no 

no 

no 

no 

29.* 

29.* 

[  29.*| 

29** 

29.* 

*05l  *05 1  *05l  *10 1  *10 1  *10 


*101  *10 1  *10|  *10 1  *10 1  *10 1  *10 1  *10 


Table  VII  (Continued) 
TILT  TABLE  SIMJLATOR  TEST  DATA 


Data  UMt  So. 


Tine  of  Teat  -  Hour* 


Vibration  Anp.  at  Flywheel 
Bearlngeg'e 


12.5 

13.0 

4.8 

■S3 

5-3 

5.3^ 

(1)  Flywheel  Speed  at  full  Motorln 

(2)  Minim  Speed  Attain  Under  Lea 


Total  Preoeaalonal  Load 


Awe.  Hit  Table  Velocity  -  deg/aee. 

12.0 

n.7 

n.9 

n.9 

12.0 

n.9 

n.9 

Awe.  Load  on  Flywheel  Bearing*  -  lbe. 

4l 

41 

42 

44 

45 

42 

41 

TEMPERATURE  LATA  -  OEO.  7 


mm 


Teet  Punp  Return 


Teat  Ptaap  Caae  Drain 


Main 


5  lube  Oil  Return 


Is 


Gear  Box  Be 


Inboard  Flywheel  Be 


Outboard  Flywheel  Be 


Flywheel  Cnee  Boualnx 
SYSTEM  PRESSURE  DATA 


Outboard  flyvbeel  Bearing 
Inboard  Flyw heel  Bearing 


Lube  Pvtbj)  Preaaure  Port 


Lube  Reaerwnlr 


Hyd.  Supply  Pop  Praaa.  Port 


Teet  Motor 
Teat  Motor  Return  Port 


Teat  Motor  Caae  Drain 


FLUID  FLOW  DATA  -  OPM 


Inlet  Flow  to  Motor 


Outboard  Bearing  Luba  Flow 


Bearing  Luba  Flow  ee 


116 


208  210  212 


12V  I 120 


132  I  133  I  130  |  130 


20  4 


210 

206 

90 

88 

200 

200 

5311 

200 

180 

182 

175 

180 

209 

206 

195 

205 

i9e 

198 

195 

205 

200  |  200  |  200  |  200  1  199 


28 

26 

28 

23 

68 

68 

24  I  24 


24 


26 


63  65  60 


2150  [2150  |2150  1 2150  1 2150  1 2150  1 2150 


2000  |aooo  1 2000  [2000  2000  1 2000 1 2000 


no  |  no  |  110  |  110  |  no  no  no  no 


28.9  28.7  28.8 


0.8 1  0.81  0.8 


410 

410 

nillJMIJR] 


Table  VI I  (Continued) 
TILT  TABLE  SIMH  ATOR  TEST  DATA 


fist*  IhMt  Id. 


Vibration  Aaqp.  at  Flywheel 
Bearlnga-g'a 


16.5U7.0 


Bata  1 


18.0I18.5  1 19.0  1 19.5 !  20.0 


(1)  Flywheel  Speed  at  rail  Motorlng- 

(2)  Mini—  Spaed  Attala  Under  Lead- 


ftp* 

52, 

OO 

52 

ip* 

4L, 

50 

W* 

Total  Preoeaalonal  Load 


Awe.  Tilt  Table  Velocity  -  deg/aee. 


Arm .  Lead  on  Flywheel  Baarlaga  -  lbs. 


TEMPHRAOTKE  DATA  -  IMP.  F _ 

Teat  P—  Ialat 


Teat  Tmp  He  torn 


Caae  Drain 


Mala 


3  Lube  Oil  Retain 


61  Labe  011  9a <rt loo 


iiaii^uaituiuiiL^iLya 


u.8 


kZ  I  U3  I  bl  I  kZ  U  U2 


212  215  210  215  212 


123  I  125  I  125  I  125  126  127  126  I  127 


203  203  203  202  203  203  202  203 


Oil  Return 

128 

128 

128 

128 

128 


200  197  196 


180  I  180  I  180  I  180  I  lflC  I  180 


200  I  202  200 


197  196 


168 


Outboard  Fi 


Inboard  Flywheel  Bearing 


Lube  Rag  Free  aura  Port 


Lube  Reeerrolr 


Byd.  Supply  Png  Preae .  Port 


Zk 

26 

26 

25 

n 

25 

zk 

66 

63 

67 

62 

Teat  Itotor  Retain  Port 


That  Motor  Caae  Drain 


0 

0 

wn 

0 

2150 

2150 

2150 

2150 

2000 

2000 

2000 

2000 

115 

115 

115 

115 

k 

k 

k 

k 

26.9 

28.9 

28.9 

28.9 

runs  flow  data  -  am 


Inlet  Plow  to  Motor 


23  23  23  23  23  23 
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Table  VII  (Continued) 
TILT  TABLE  SIMULATOR  TEST  DATA 


Bata i  3-1-6 


SI 


Table  VII  (Continued) 
TILT  TABLE  SIMJLATOR  TEST  DATA 


D ata  ah— t  Bo.  7 _ Patai  3-2-67 


Running  Tina  of  Tbit  -  Hour* 

*24.5 

25.0 

26.0 

I3C 

EE 

rm 

28.0 

! 

f 

0 

■ 

Vibration  Anp.  at  Flywheel 
Bearing!  g'e 

. 

• 

• 

• 

m 

m 

m 

Outboard 

(1)  Flywheel  Speed  at  Tail  Moterlng«Uh 

(2)  Minimi  Speed  Attain  Under  Load-RF* 

52,00 

>52,00 

•52,00< 

•52,00< 

•52,00 

152,00 

>52,00 

>52,0C 

Total  Preoasslonal  load  Cycle* 

SR3 

B53 

10802 

IIO57 

11310 

11330 

11808 

1206c 

At*  .  Tilt  Table  Velocity  -  deg/eee. 

14.4 

14.1 

14.1 

14.1 

14.3 

EE 

Eff! 

13.6 

At*.  Load  on  Flywheel  Bearing*  -  lb* . 

62 

60 

61 

60 

60 

El 

wm 

58 

£ 

TEVPERATORB  BATA  -  ISO.  F 

Teat  Puap  inlet 

118 

126 

123 

128 

127 

127 

^129 

129 

I 

* 

» 

| 

Teat  Pop  Return 

15 1 

E51 

126 

151 

128 

128 

151 

151 

£ 

Teat  Ptaap  Caae  Drain 

196 

200 

200 

197 

200 

200 

198 

198 

L* 

Main  ECrd.  Reaerroir  Supply 

in 

115 

120 

116 

115 

115 

115 

115 

Lube  Oil  Return 

205 

220 

rrm 

220 

223 

220 

222 

222 

Lube  Oil  Suetioo 

El 

so 

wm 

El 

86 

88 

89 

89 

123 

130 

137 

133 

134 

133 

132 

132 

206 

215 

212 

215 

217 

217 

213 

215 

Gear  Box  Bearing  Adjacent  Flywheel 

182 

187 

188 

187 

187 

187 

185 

186 

207 

215 

PTI 

217 

220 

218 

222 

222 

200 

E33 

P5I 

214 

wm 

214 

212 

212 

riyvtaeel  Case  Housing 

157 

170 

180 

180 

180 

180 

180 

179 

SYSTEM  PRESSURE  DATA  -  PS  10 

19 

26 

26 

26 

26 

26 

26 

26 

1 

• 

Inboard  Flywheel  Bearing 

19 

26 

26 

26 

27 

El 

27 

EX 

|15 

Lube  Ptnap  Preaeur*  Port 

E9 

M\ 

.60 

MM 

59 

60 

59 

m 

1* 

Luba  Reaerroir 

■a 

0 

0 

0 

0 

0 

3jjj^E*V 

Sard.  Atpply  Puap  Praaa.  Port 

IftO 

1990 

1990 

1990 

1990 

1990 

1990 

Teat  Motor  Praaa.  Port _ 

2000 

1990 

1990 

1990 

1990 

1990 

1990 

1990 

Teat  Motor  Return  Port 

120 

120 

120 

120 

115 

115 

115 

115 

20 

21 

22 

Teat  Motor  Caee  Drain 

2 

2 

2 

2 

2 

2 

2 

2 

Vaeum  at  FlyvhaalHub  -  in.  Si 

29.1 

29.0 

28.9 

29.0 

29.0 

26.9 

29.0 

EE 

1X3 

Bfyi 

EH 

ESI 

0.6 

0.6 

u 

Praaa  at  Flywheel  Hub  -  eari  Ab 

ES 

ESI 

ESI 

2.8 

EH 

2.6 

ESI 

2.7 

MX 

24 

FLUID  FLCV  DATA  -  0PM 

Inlet  Flow  to  Motor 

wm 

wm 

El 

wm 

wm 

L  23 

23 

1  23 

25 

Caae  Drain  Flow  of  Motor 

El 

wm 

El 

wm 

WSM 

El 

El 

El 

3 

□ 

Outboard  Bearing  Lnbe  Flow  oo/nin 

m 

cm 

cm 

cm 

cm 

cm 

cm 

tea 

i‘  tt;  i  .Timoggi 

3*> 

s: 

s: 

«» 

415 

L*L 

JSL 

e: 

• 
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Table  VII  (Continued) 
TILT  TABLE  SIMJLATOR  TEST  DATA 


Baaoway  Data  Bwtt  Be.  8  _  Bate;  3-2-6T 


Di 

mull  bit  Tina  «f  Toot  -  Boon 

1^® 

■5B 

wm. 

Pit 

s 

TlbrttiM  at  Flyvh h1 

Inboard 

. 

e. 

• 

. 

— 

- 

• 

Bearings- g' a 

Outboard 

• 

. 

• 

• 

. 

- 

• 

(X)  n7*hNl  Spaad  at  Fall  Motorlng-RFR 
(2)  MIiiIm  Spwt  Attain  Oadar  Load-KFH 

s 

Total  Freoaaalooal  Load  Cycles 

ES 

EE?ffl 

E?33 

ESS 

PBS 

ppw 

Are.  Tilt  Table  Velocity  -  do(/oaa. 

ins 

13.8 

ma 

pm 

14.2 

i*.i 

14.0 

14.1 

Li 

kae.  Load  on  Flywheel  Bearlnge  « 

lb*. 

wm 

rm 

57 _ 

61 

60 

60 

61 

60 

■j 

£ 

ra 

59 

pm 

Em 

127 

126 

126 

120  I 

C 

Teat  Poop  Raton 

151 

rm 

pm 

126 

■51 

cm 

pm 

ml 

r 

Toot  Po*p  Caaa  Drain 

151 

pm 

200 

pm 

pm 

200 

cml 

A 

Mala  Rid.  Reservoir  Supply 

us 

Ufl 

117 

113 

113 

1 13 

us 

117 

5 

Luba  OU  Raton 

222 

217 

216 

213 

212 

212 

210 

209 

Luba  Oil  Rootled 

90 

E3 

75 

65 

60 

50 

58 

54 

£ 

Scavenge  Oil  Raton 

PI 

pm 

pm 

pm 

126 

126 

cm 

15*1 

C 

215 

211 

210 

210 

207 

205 

203 

205 

r 

mEsmmmsmzm 

136 

133 

1B5 

132 

133 

181 

130 

100 

S3 

Inboard  Flywheel  Bearing 

P5B 

PW 

208 

206 

P5B 

15*1 

S 

213 

209 

207 

206 

205 

202 

201 

201 

*5 

Flywheel  Caaa  Hooping 

100 

178 

176 

173 

170 

172 

170 

170 

8T3TEM  PRESSURE  DATA  -  PS  EC? 

1x3 

Outboard  Flywheel  Bearing 

26 

26 

26 

26 

26 

26 

26 

23 

23 

Inboard  Flywheel  Bearing 

27 

27 

27 

27 

29 

26 

29 

26 

3 

Luba  Pop  Preooore  Port 

59 

59 

59 

59 

59 

59 

60 

60 

p. 

Lobe  Raoarrolr 

0 

0 

0 

0 

0 

0 

0 

0 

17 

Fyd.  Ripyly  Pop  Praaa.  Fort 

P53 

EST! 

P?1 

P51 

1990 

L990 

1990 

££ 

f9rt _ 

P53 

PS 

PB51 

153 

L990 

L990 

L990 

^0 

Teat  Motor  Raton  Port 

120 

115 

115 

120 

120 

120 

120 

120 

Taot  Motor  Caaa  Drain 

2 

2 

2 

2 

2 

2 

2 

2 

& 

|  Tien  at  Flywheel  H\ib  ’  - 

IB.  Hg 

iEE 

26.9 

23.9 

29.0 

20.9 

29.0 

29.0 

29.0 

f«aCmiH^x^«THjr&»il  Souelne  -  in •  He 

|KS3 

BKi 

fc'Ff 

EH 

kei 

ESI 

EH 

1 

5J 

1 

!■*» 

IEI 

El 

El 

KSI 

EH 

pnj 

FLUID  FLOW  DATA  -  OPM 

■■■ 

m 

wttu 

BH*i 

Inlet  Fie*  to  Motor 

n 

n 

m 

wm 

■ 

■71 

wm 

■n 

Caoa  Prato  Flo*  of  Motor 

in 

n 

n 

n 

HI 

K3 

■Q 

■EJ 

3 

1  cm 

id 

*05 

*20 

Id 

[  420 

IKS 

ez 

|  labour*  Bearing  Labe  Flo*  oc/ela 

IE* 

1  *a?. 

Iiw 

IR3 

•00 

IKS 

IKS 

IKS 
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Table  VII  (Concluded) 
TILT  TABLE  SIMJLATOR  TEST  DATA 


8«U  dheet  to.  9 


TUm  of  itat  -  Boot* 


Vibration  Aap.  at  Flywheel 
Bearing*- g'e 


Total  Pxwoaaalonal  load 


At*.  TUt  Tab  la  Velocity  -  dag/ Me. 

14.1 

14.2 

14.0 

14.0 

Aw*.  Load  on  Flyvbaal  Baarlaga  -  lba. 

60 

62 

64 

64 

ruaw  flow  data  -  otm 


Inlat  Flow  to  Motor 


~r 


Ute  Flew  cc  /min 


jrfto  Tim  oo/miA 
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Table  VIII 


5.0  HP 


TILT  TABLE  SIMULATOR  TEST  DATA  RECORD 


Figure  25.  Tilt  Table  Test  Oscillograph  Record 


r  starting  up  for  the  next  day's  operation  it  was  noticed  that  each 
flywheel  tilted  downward  there  was  an  audible  screech.  This  was 
shortly  followed  by  a  runaway  temperature  rise  on  the  outboard  bearing  and  the 
test  was  shut  down  at  34. 5  hours.  Disassembly  of  the  flywheel  revealed  that 
the  outboard  bearing  (side  farthest  from  the  gearbox)  had  failed.  The  ball 
separator  had  completely  disintegrated  and  had  been  carried  away  in  the  oil 
flow  in  the  form  of  chips.  The  inner  race  was  badly  mutilated;  however,  all 
balls  had  remained  in  place.  The  outer  race  and  balls  had  numerous  cuts, 
scratches,  and  nicks  but  discoloration  had  not  progressed  to  any  great  extent. 
The  inner  race  was  badly  discolored  and  had,  in  fact,  undergone  plastic  flow 
under  the  rolling  load  of  the  balls.  No  other  parts  of  the  flywheel  had  re¬ 
ceived  any  appreciable  damage,  except  the  oil  slinger  blades,  which  had  been 
dented  and  bent  by  the  pieces  of  the  bearing  separator  which  had  passed  through 
them.  The  disassembled  flywheel  is  shown  in  figure  5. 

The  gearbox  was  returned  to  the  supplier  for  teardown  and  inspection.  All 
internal  parts  were  deemed  to  be  in  good  condition  and  reassembly  did  not 
require  the  replacement  of  any  vital  details. 

Visual  inspection  of  the  surface  of  the  flywheel  revealed  that  carbon  from 
the  seals  had  discolored  it  somewhat  all  over;  also,  discoloration  at  the  tip 
had  occurred  as  a  result  of  the  combination  of  temperature  plus  the  carbon  and 
oil.  The  maximum  temperature  estimated  at  the  tip  from  this  discoloration  was 
400°  F. 

A  basic  objective  of  Tilt  Table  Testing  was  to  determine  as  accurately  as 
possible  the  actual  flywheel  losses  as  one  of  the  major  indices  of  performance. 
The  following  discussion  outlines  the  method  used  to  approximate  the  actual 
losses.  In  table  VIII  the  summarized  listing  is  based  on  the  speed-up  portion 
of  the  energy  storage  substation  cycle.  Two  end  conditions,  i.e.,  conditions 
during  lower  flywheel  speed  and  upper  flywheel  speed,  can  be  satisfactorily 
defined  from  the  measured  data.  Likewise,  this  speed-up  time  is  established 
with  fair  accuracy. 

Considering  the  complexity  associated  with  demonstrated  power  extraction 
capability  (in  this  case,  indirectly  measured  by  power  input  to  the  flywheel 
from  the  motor) ,  it  is  inpractical  to  treat  the  problem  with  other  than  aver¬ 
age  values.  This  stems  from  the  fact  that  there  are  many  variables  introduced 
for  which  instantaneous  values  were  not  taken  as  data,  and/or  for  which  suit¬ 
able  empirical  mathematical  expressions  are  not  available.  Exanples  are: 
aerodynamic  losses  of  the  flywheel;  windage  losses  in  the  gearbox;  lube,  scav¬ 
enge,  and  vacuum  pump  power  requirements;  and  pressure  differential  across  the 
motor  ports. 

It  is  for  these  reasons  that  total  energy  was  divided  by  total  time  to 
give  average  power.  Average  power  was  used  to  determine  angular  acceleration 
and  shaft  torque. 

Power  from  the  motor  was  then  determined  using  85  percent  overall  effi- 
cienty.  This  value  is  estimated  and  no  attempt  was  made  to  establish  it  from 
previous  engineering  data  on  the  motor,  principally  because  this  application 
uses  a  different  hydraulic  fluid  (MIL-0- 5606)  from  that  which  was  used  during 
its  development  (Oronite  8200). 
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Item  r,  table  VIII  (average  gearbox  and  flywheel  windage  losses  plus  scav¬ 
enge,  lube,  and  vacuum  pump  power  extraction)  is,  however,  in  the  range  of  mag¬ 
nitude  expected.  A  further  breakdown  of  this  loss  can  only  be  estimated.  The 
flywheel  had  a  differential  pressure  across  it  dbe  to  its  own  vacuum  punping 
effect.  This  does  not  lend  itself  readily  to  the  power  loss  calculations  shown 
in  figure  3.  Also,  these  losses  are  a  function  of  speed  to  the  2-4/5  power. 
Taking  these  factors  into  account,  it  is  believed  that  the  flywheel  losses  of 
item  r,  table  VIII,  are  less  than  50  percent  of  the  5  horsepower. 

Activity  which  followed  on  this  simulator  consisted  of  checkout  of  motor- 
pumps  and  flywheel- gearbox  combinations .  The  flywheel-gearbox  combinations 
are  designated  in  order  of  their  manufacture  as  energy  storage  substations  No. 
1,  No.  2,  and  No.  3.  The  No.  1  energy  storage  substation  was  used  in  the 
above-mentioned  endurance  test. 

When  checkout  runs  of  energy  storage  substation  No.  2  were  made,  they 
proved  to  be  not  completely  satisfactory  in  that  higher  bearing  temperatures 
(220°  to  235°  F) ,  and  poorer  flywheel  housing  vacuum  were  encountered,  when 
compared  to  that  experienced  with  the  No.  1  energy  storage  substation. 

Tlie  high  bearing  tenperatures  were  believed  to  have  resulted  from  one  or 
both  of  two  factors.  The  first  is  associated  with  a  new  seal  which  was  in¬ 
stalled  on  the  hydraulic  motor  (XB-70  emergency  generator  motor).  It  had  an 
improperly  installed  static  seal  which  caused  overheating,  allowing  heat  to 
be  conducted  through  the  gearbox  housing  to  the  gearbox  bearings.  The  second 
factor  was  the  poorer  performance  of  the  flywheel  vacuum  system,  which  caused 
rare  than  a  normal  amount  of  heat  in  the  flywheel  housing  to  be  conducted  to 
the  flywheel  bearings.  The  poorer  vacuum  was  the  result  of  the  leaking  fly¬ 
wheel  shaft  seal,  and  a  leaking  seal  at  the  gearbox  pump  group  housing.  Upon 
replacement  of  these  defective  seals,  the  equipment  operated  with  bearing 
temperatures  around  170°  F  which  were  somewhat  lower  than  those  exhibited  by 
the  first  assembly. 

In  the  meantime,  No.  1  energy  storage  substation  had  been  rebuilt  and  was 
ready  for  checkout  and  continuation  of  the  endurance  test  on  the  tilt  table. 
However,  checkout  of  this  reassembled  unit  revealed  higher  bearing  tenperatures 
than  it  had  exhibited  upon  initial  assembly.  It  was  believed  that  the  possible 
cause  was  misalignment  of  the  bearings  which  support  the  flywheel.  For  this 
reason,  the  flywheel  assembly  was  disassembled  and  dimensionally  checked. 
Alignment  was  found  to  be  satisfactory;  however,  the  lube  jet  ring  O-rings 
were  found  to  be  "nibbled"  and  pieces  of  rubber  were  plugging  the  lubrication 
jets. 


Since  the  disassembly  and  dimensional  checks  on  this  first  assembly  was 
known  to  be  a  time-consuming  operation,  it  was  decided  to  continue  the  tilt 
table  endurance  test  using  the  No.  2  energy  storage  substation.  This  testing 
was  scheduled  to  start  with  tilt  rates  equivalent  to  those  called  for  by 
Test  Objective  II  in  table  VI.  Tlie  time  scheduled  for  this  tilt  rate  was 
2.06  hours  as  an  accelerated  equivalent  of  Test  Objective  I  and  .45  hour  for 
Test  Objective  II,  plus  an  additional  2.05  hours  to  accomplish  Test  Objective 
HI. 


58 


Investigation  of  the  initial  flywheel  bearing  failure  led  to  a  conclu¬ 
sion  that  it  was  premature  and  was  probably  the  direct  result  of  insufficient 
preload.  A  preload  of  80  pounds  had  been  intended;  however,  an  inspection 
and  measurement  of  detail  parts  disclosed  that  it  was  69  pounds.  Upon  refur¬ 
bishing  the  flywheel,  the  spring  load  was  increased  to  ISO  pounds. 

Because  this  change  was  made,  it  was  believed  desirable  to  use  the 
accelerated  equivalent  for  Test  Objective  I.  It  was  thought  that  the  unit 
would  quite  easily  pass  through  this  segment  of  the  test,  and  permit  going  on 
to  segments  of  the  test  involving  higher  loads  and  their  associated  problems. 

This  test  lasted  for  only  1  hour  and  10  minutes.  At  this  time  the  in¬ 
board  tearing  on  the  flywheel  failed  due  to  structural  failure  of  the  alum¬ 
inum  bronze  ball  separator.  Inspection  of  the  failed  parts  revealed  that 
there  was  no  evidence  of  overtemperature  associated  with  this  failure.  It  is 
believed  that  a  short,  sharp  physical  overload  or  series  of  overloads  occurred 
on  this  separator  and  caused  the  failure.  Although  the  exact  nature  of  the 
mechanics  of  the  overload  application  internal  to  the  bearing  is  not  known,  it 
is  quite  clear  that  it  resulted  from  the  precessional  loads  associated  with 
the  high  tilt  rates. 

It  was  also  noted  in  connection  with  the  higher  tilt  rates  that  the  fly¬ 
wheel  bearings  would  show  a  steady,  slow  temperature  rise  to  unacceptable 
levels  (230°  F)  until  tilt  table  operation  was  interrupted.  Upon  cessation  of 
tilting,  the  bearings  would  cool  by  10"  to  15"  F  to  a  lower  stabilized  oper¬ 
ating  temperature.  In  recognition  of  the  fact  tliat  aircraft  do  not  barrel 
roll  through  the  sky  for  hours  on  end,  it  was  decided  to  periodically  inter¬ 
rupt  the  tilt-table  operation  to  more  closely  simulate  actual  air  vehicle 
operation.  However,  possibly  because  of  the  damage  already  done  to  the 
bearing  before  this  approach  was  adopted,  the  time  to  cool  down  became  pro¬ 
gressively  longer  and  the  time  to  heat  up  bezame  progressively  shorter  until 
the  previously  described  failure  occurred. 

The  data  from  this  test  are  shown  in  table  IX  (two  pages).  The  pickup 
points  for  these  data  may  be  determined  by  comparing  the  data  numbers  from 
table  IX  with  those  on  the  system  schematic  figure  15. 

The  Tilt  Table  Simulator  was  next  used  to  check  out  the  operation  of  the 
No.  3  energy  storage  substation.  This  unit  displayed  bearing  temperatures 
around  202*  F  when  operated  by  the  Vickers  hydraulic  motor  (XB-70  emergency 
generator  motor).  While  this  chechout  was  in  progress  the  first  of  the  New 
York  Airbrake  motor-pumps  with  automatic  pressure  sensing  was  received. 

This  unit  was  checked  out  on  the  sane  (No.  3)  energy  storage  substation  and 
a  bearing  stabilization  tenperature  of  215°  F  was  noted. 

It  is  believed  that  the  difference  in  stabilized  bearing  temperatures 
between  the  two  hydraulic  motors  stems  from  the  magnitude  of  the  vibration 
introduced  by  the  stroking  of  the  pistons.  The  magnitude  of  the  vibration,  in 
turn,  is  a  function  of  the  operating  pressure.  In  the  case  of  the  emergency 
generator  motor  a  lower  hydraulic  pressure  (2,000  versus  3,000  psi)  is  used 
resulting  in  lower  piston  stroke  vibrational  accelerations  for  that  motor 
(3.5G  versus  7G) . 
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Table  IX 


TILT  TABLE  SIMJLATOR  TEST  DATA 
(SUBSTATION  NO.  2) 
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Table  IX  (Concluded) 


TILT  TABLE  SIMULATOR  TES.  DATA 
(SUBSTATION  NO.  2) 
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During  these  checkout  operations  of  the  motor-pump  it  was  discovered 
that  bronze  particles  were  being  generated  and  discharged  from  the  case  drain 
lire.  Operation  of  the  motor-pump  was  immediately  discontinued  and  it  was 
returned  to  the  supplier  for  inspection  and  refurbishment.  A  review  of  the 
test  data  records  revealed  that  the  return  port  was  not  being  pressurized  to  a 
level  as  high  as  would  be  recommended  by  New  York  Airbrake.  During  portions 
of  the  motoring  and  punning  cycle  the  pressure  would  drop  as  low  as  60  psi. 

(A  minimum  of  70  psi  is  recommended  by  the  supplier.)  While  the  motor-pump 
was  being  refurbished,  the  No.  3  energy  storage  substation  was  removed  from 
the  Tilt  Table  and  installed  on  the  Intermittent  Duty  Cycle  Simulator. 

After  refurbishment  the  motor-pump  unit  was  redelivered  and  it 
checked  out  satisfactorily  on  the  Tilt  Table  Simulator  using  energy  storage 
substation  No.  1.  The  flow  and  pressure  settings  were  adjusted  to  proper 
calibration.  It  was  then  installed  on  the  Intermittent  Duty  Cycle  Simulator. 

The  Tilt  Table  Simulator  was  next  used  to  check  out  the  No.  2  energy 
storage  substation  following  its  refurbishment  due  to  the  second  endurance 
test  failure.  After  a  short  period  of  operation,  it  was  suspected  from  the 
temperature  readings  that  leakage  into  the  evacuated  portion  of  the  flywheel 
was  occurring.  To  verify  this,  an  external  vacuum  pump  was  attached  to  the 
drain  line  at  the  bottom  of  the  flywheel  housing.  In  approximately  2  minutes 
a  fluid  quantity  approaching  a  quart  was  withdrawn  while  the  flywheel  was 
maintaining  52,000  rpm. 

It  is  significant  to  observe  that  this  excessive  oil  leakage  into  the 
flywheel  cavity  did  not  create  dangerous  temperature  conditions  (evacuated 
oil  reached  270°  F)  or  create  destructive  drag  forces. 

Later  disassembly  of  the  flywheel  disclosed  that  improperly  sized  static 
O-ring  seals  liad  inadvertently  been  installed  where  the  carbon  face  seal 
cartridge  is  sealed  to  the  flywheel  housing. 

The  p recessional  load  endurance  test  was  next  attempted  using  the  energy 
storage  substation  No.  1  and  the  Vickers  emergency  generator  motor.  Upon 
checkout  of  this  test  arrangement,  an  inadvertent  closing  off  of  the  case 
drain  line  led  to  failure  of  the  rotating  group. 

The  test  was  resumed  using  the  prototype  New  York  Airbrake  motor- punp, 
i.e. ,  the  one  using  manual  control  to  effect  motoring  and  punping  modes. 
Approximately  4-1/2  hours  of  test  time  was  completed  using  a  tilt  table  p.re- 
cessianal  rate  of  11.7  degrees/second  (54-pound  bearing  load)  before  the  test 
was  terminated  due  to  inpending  failure  of  the  motor-pump.  This  was  indicated 
by  the  fact  that  a  large  amount  of  metal  chips  were  being  produced  and  dis¬ 
charged  through  the  case  return  port.  The  data  from  this  test  are  shown  in 
table  X  (one  page) .  Figure  26  is  a  sample  data  record  from  which  some  of  the 
data  were  taken,  and  which  were  used  to  monitor  performance. 

Following  termination  of  the  third  precessional  load  endurance  test,  the 
final  two  New  York  Airbrake  motor-pumps  with  automatic  pres  sure- sensing  con¬ 
trol  were  received.  These  units  were  checked  out  and  calibrated  with  respect 
to  pressure  and  flew  (speed)  on  the  tilt  table.  After  checkout,  one  unit  was 
installed  on  the  Intermittent  Duty  Cycle  Simulator  as  a  replacement  for  the 
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Table  X 


TILT  TABLE  SIMULATOR  TEST  DATA 
(SUBSTATION  NO.  1) 
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MOTORING  TIME  =  24.5  SEC 
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Figure  26.  Tilt  Table  Test  Oscillograph  Record 


first  (automatic  motor-pump)  delivered  unit  which  failed  and  was  returned  to 
the  supplier  for  refurbishment.  The  other  motor-pump  was  retained  at  the  tilt 
table  for  use  in  the  Continuous  Duty  Cycle  Simulator.  Tilt  Table  Simulator 
testing  was  discontinued  at  this  point.  The  Continuous  lXity  Cycle  Simulator 
was  planned  to  utilize  portions  of  the  Tilt  Table  Simulator.  The  schedule 
requirements  associated  with  its  fabrication  did  not  permit  further  exploring 
of  the  bearing  problems  as  a  Tilt  Table. 

Prior  to  operation  of  the  simulator,  an  analysis  of  the  possible  reson¬ 
ant  conditions  of  vibration  was  made  on  an  IBM  7094  computer  using  a  cathode 
ray  tube  graph-plotting  camera  for  output  results,  as  well  as  numerical 
printout.  The  FORTRAN  program  which  was  employed  took  all  factors  except 
one  into  careful  consideration.  The  physical  factors  sudi  as  size,  shape, 
inertia,  bearing  spring  rates,  etc,  were  quite  adequately  estimated.  However, 
damping  could  not  be  adequately  estimated  and  was  neglected  in  the  computa¬ 
tion.  Figure  27  is  a  schematic  of  the  spring  system  used  as  a  basis  for  the 
computer  program. 

The  computer  analysis  predicted  serious  problems  as  indicated  in  table 
XI.  However,  as  stated  in  the  foregoing  test  description,  the  vibration 
search  "...  revealed  no  resonance  conditions  of  measurable  magnitude  that 
could  be  positively  identified.  .  ." 

Configuration  "A"  in  table  XI  was  intended  to  most  closely  represent  the 
configuration  as  tested  on  the  Tilt  Table.  It  should  be  noted  that  K2,  K,, 
etc,  are  the  rates  for  the  springs  indicated  on  the  system  schematic  of 
figure  27.  Configurations  "B"  through  "f!"  are  other  spring  system  arrange¬ 
ments  which  were  investigated  in  case  actual  testing  indicated  a  change  in 
design  was  in  order. 

D.  TILT  TABLE  SIMULATOR  TEST  CONCLUSIONS 


As  a  result  of  the  Tilt  Table  Simulator  testing,  a  high  confidence  level 
can  be  placed  on  the  feasibility  of  successfully  designing  energy  storage 
flywheels  for  airborne  applications.  The  amount  of  processional  loading 
endured  by  the  test  article  would  qualify  it  for  installation,  with  selective 
position  orientation,  in  aircraft  with  pitching  characteristics  similar  to 
heavy  long-range  bombers  and  supersonic  transports  for  periods  in  excess  of 
3,000  flight  hours.  The  test  results  would  also  indicate  that  this  unit,  as 
tested,  could  be  selectively  orientated  in  fighter  reconnaissance  and  low- 
level  strategic- type  aircraft  and  operated  without  servicing  for  periods  up 
to  1,000  hours.  In  each  of  these  cases  "selective  orientation"  means  mount¬ 
ing  with  flywheel  axis  parallel  to  the  fuselage  centerline  such  that  the  fly¬ 
wheel  bearings  would  not  feel  "roll"  induced  processional  loads. 

There  are  many  improvements  which  can  be  made  to  the  bearing  design, 
and  it  would,  on  this  basis,  be  possible  to  lengthen  the  time  between  replace' 
ments  and/or  increase  the  flexibility  of  position  orientation. 

The  failures  experienced  indicate  that  the  bearing  ball  fit-up  in  the 
separator  could  probably  be  improved  and  separator  strength  increased,  thus 
lengthening  the  separator  life  to  a  point  where  race  subsurface  fatigue  be¬ 
came  the  limiting  factor.  In  that  connection  even  further  improvement  could 
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Table  XI 


I 


i 
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COMPUTED  BEARING  FORCES 


Critical 

.  Speeds 

Bearing  Force 
at 

Bearing  Force 
IXiring  Deccler- 

Vertical 

Mode 

Horizontal 

Mode 

Upper  Critical  at 
a  ■  720  Rad/Sec 

ation  at  a 

15.4  Rad/Sec 

Present 

Configuration  "A" 
KBRG 

K-  -  215,000  psi 

Kf  -  31,000  psi 

25,821 

27,878 

36,143 

766 

789 

34,696 

1,200  lb 

8,250  lb 

Configuration  "B" 
KBRG 

K?  -  1,000  psi 

Kf  -  1,000  psi 

788 

862 

35,831 

Configuration  "C" 

K.  -  10,000  psi 

Kf  -  100,000  psi 

Kf  -  3,115  psi 

6,059 

9,894 

10,456 

765 

789 

6,683 

60  to  70  lb 

410  to  478 

Configuration  'V 

K,  »  10,000  psi 

Kf  -  200,000  psi 

Kf  -  200,000  psi 

6,337 

13,904 

14,380 

Configuration  "E" 

K,  -  10,000  psi 

Kf  =  400,000  psi 

K3  -  400,000  psi 

6,440 

19,567 

19,663 

Configuration  "P" 

K.  -  20,000  psi 

Kf  »  75,000  psi 

Kf  -  75,000  psi 

6,871 

8,554 

11,252 

37  lb 

253  lb 

Configuration  "G" 

K.  -  40,000  psi 

Kf  -  75,000  psi 

K^  =  75,000  psi 

7,305 

8,663 

14,861 

85  lb 

582  lb 
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be  made  by  the  use  of  improved  steel,  such  as  M-50  tool  steel.  In  addition 
to  improved  fatigue  life,  the  M-50  races  would  allow  higher  preload,  thus 
reducing  the  ball  path  eccentricity,  which  causes  the  major  loading  on  the 
separator. 

In  addition  to  using  improved  bearings,  the  problem  of  meeting  preces- 
sional  loads  can  be  ameliorated  through  redesign  of  the  flywheel.  This 
redesign  would  involve  a  smaller  diameter,  higher  speed  flywheel  of  "chunkier" 
cross  section. 

A  reduction  in  diameter  reduces  the  precessional  loads  proportionately. 
However,  a  reduction  in  diameter  also  increases  the  base  width  of  the  opti¬ 
mized  flywheel  such  that  the  bearings  can  be  spaced  wider  apart  without 
changing  the  resonant  vibration  conditions.  Tims,  decreasing  the  diameter 
of  the  flywheel  effectively  reduces  the  precessional  loads  by  approximately 
a  factor  of  two.  In  addition,  it  reduces  the  windage  losses  by  the  1.8  power 
of  the  reduction  in  radius. 

Tlie  only  disadvantage  of  decreasing  the  diameter  of  the  optimized  fly¬ 
wheel  is  that  it  causes  the  speed  to  increase  in  the  same  proportion.  This 
increase  in  speed  increases  the  operating  DN  value  of  the  support  bearings, 
unless  the  bore  diameter  is  also  decreased.  Each  individual  application  must 
be  analyzed  for  its  own  operating  condition;  licwever,  it  can  be  generalized 
that  as  the  speed  increases,  the  torque  in  the  shaft  decreases.  This  would 
suggest  that  the  EN  value  for  the  bearings  can  usually  be  held  down  to  accept¬ 
able  limits  regardless  of  the  diameter  of  the  flywheel,  until  the  speed 
exceeds  the  practical  limits  of  gearing. 

Tilt  Table  Simulator  testing  established  that  by  using  .the  best  avail¬ 
able  balancing  technology,  there  will  be  essentially  no  problems  with  reson¬ 
ant  vibration  conditions  induced  by  the  flywheel  itself. 

It  is  believed  that  the  poor  correlation  between  measured  and  computed 
vibration  results  indicates  that  conputer  results  cannot  be  relied  upon  for 
future  flywheel  designs.  This  would  suggest  that  resonance  conditions  induced 
by  flywheel  out  of  balance  should  be  tested  for  early  in  the  fabrication  pro¬ 
gram  of  energy  storage  substations. 

Another  principle  demonstrated  by  the  Tilt  Table  Simulator  is 
that  it  is  feasible  to  use  a  single  gear  mesh  to  couple  a  hydraulic  rotating 
group  to  a  high  speed  flywheel. 

The  vacuum  system  used  in  the  flywheel  was  demonstrated  to  be  adequate 
even  though  it  was  of  small  capacity  and  was  a  gear  pump  design.  It  is 
believed  that  a  near  optimum  size  was  used  when  its  size  is  considered  to  be 
a  trade-off  between  punp  power  consumption  versus  flywheel  aerodynamic  power 
loss. 
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Section  IV 


INTERMITTENT  DUTY  CYCLE  SIMJLATOR 

I 

A.  BASIC  TEST  OBJECTIVES 


The  specific  objective  of  the  Intermittent  lXity  Cycle  Simulator 
endurance  tests  was  to  demonstrate  the  use  of  a  flywheel  as  a  source  of 
energy  for  accomplishing  an  intermittent  actuation  function.  As  a  result 
of  this  demonstration  and  the  data  which  were  created,  the  feasibility  and 
weight  improvement  of  applying  the  flywheel  energy  storage  concept  to  this 
type  of  aircraft  actuation  function  could  be  evaluated.  To  this  end  the 
XB-70  landing  gear  extension  and  retraction  cycles  were  selected.  The  nature 
of  this  duty  cycle  identifies  it  as  '’intermittent"  in  that  it  has  short  per¬ 
iods  of  peak  demand  followed  by  long  qui scent  periods  of  zero  demand. 

TVo  endurance  tests  were  planned  to  demonstrate  the  flywheel ' s  adapt¬ 
ability  to  utility  (intermittent  duty  cycle)  functions.  Each  of  these 
demonstrations  were  to  operate  the  simulated  XB-70  landing  gear  through 
10,000  cycles.  The  first  demonstration  employed  a  hydraulic  motor-pump  to 
supply  energy  to,  and  extract  energy  from,  the  flywheel.  The  second  demon¬ 
stration  blocked  off  the  punning  function  and  used  the  motor-pump  solely  as 
a  motor  to  supply  energy  to  the  flywheel.  Energy  was  extracted  through  the 
power  takeoff  (PTO)  shaft  on  the  gearbox  and  delivered  to  the  simulated 
landing  gear  through  a  clutch-brake  unit  and  a  mechanical  hinge. 

Figures  28  and  29  are  simplified  schematic  diagrams  of  the  two  test 
arrangements.  Figure  30  is  a  detailed  schematic  diagram  of  the  simula¬ 
tor  showing  both  hydraulic  and  mechanical  power  extraction  equipment. 

B.  HYDRAULIC  POWER  EXTRACTION  SYSTEM  AND  ENDURANCE  TEST 


Hydraulic  power  extraction  is  accomplished  by  causing  the  motor- pump 
hydraulic  unit  to  assume  a  punping  mode  at  the  time,  or  shortly  after  the 
time,  that  gear  up  or  gear  down  is  selected.  The  conversion  from  pumping 
to  motoring  is  accomplished  by  sensing  the  pressure  drop  in  the  supply 
line  that  occurs  as  the  flew  capacity  of  the  main  system  pump  is  exceeded. 

It  will  be  noted  that  the  control  of  the  hydraulic  actuator  stroke 
versus  time  is  accomplished  by  a  system  employing  electrically  controlled 
servo  valves.  This  arrangement  was  selected  principally  because  the 
equipment  and  the  technology  to  successfully  implement  and  maintain  it 
throughout  the  10,000  cycles  of  testing,  was  readily  available  in  the 
Structures  Laboratory  where  the  Intermittent  Duty  Cycle  Simulator  (XB-70 
Landing  Gear  Simulator)  was  located.  This  equipment  has,  in  the  past, 
been  used  to  control  the  hydraulic  actuators  used  to  apply  fatigue  test 
loading  to  large  aircraft  structures. 

Duty  cycle  control  was  accomplished  through  a  stroke  versus  time  duty 
cycle  curve  plotted  on  a  constant  speed  rotating  drum.  A  curve  following 
device  compared  the  plotted  position  of  this  curve  with  the  position  of 
the  landing  gear  as  supplied  by  a  position  transducer  which  was  fastened 
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Figure  29.  Mechanical  Power  Extraction  System 
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to  one  of  the  hydraulic  actuators.  A  comparison  of  the  two  signals  then 
established  an  error  signal  which  operated  the  servo  valve  controlling  the 
hydraulic  supply  to  the  strut  actuators. 

The  principal  advantage  of  using  this  system,  in  addition  to  accurate 
control,  was  in  the  safety  provisions  which  resulted.  If  the  landing  gear 
did  not  follow  the  programed  actuation  cycle,  the  servo  valve  closed,  stop¬ 
ping  the  landing  gear.  This  allowed  laboratory  personnel  to  release  the  air¬ 
load  and  lower  the  gear  to  the  down  position  as  a  result  of  its  weight. 

Figure  31  is  an  installation  drawing  showing  both  the  ltydraulic  power 
extraction  system  and  the  mechanical  power  extraction  system  test  setups. 

With  reference  to  the  drawing,  the  airload  was  produced  by  a  pneumatic 
cylinder  connected  to  a  large  accumulator  or  storage  bottle,  which  maintained 
nearly  constant  pressure.  The  cable  attachment  was  so  located  that  it  would 
vary  the  effective  moment  arm  and  produce  the  landing  gear  trunnion  hinge 
moments  shown  by  the  dotted  line  in  figure  32.  This  moment,  when  combined 
with  that  caused  by  the  landing  gear  weight  and  fed  through  the  kinematics 
closely  approximated  the  requirements. 

It  will  also  be  noted  that  the  hydraulic  power  extraction  system 
utilized  two  (3,000  psi)  hydraulic  actuators  in  tandem  in  lieu  of  the  single 
(4,000  psi)  hydraulic  actuator  used  on  the  XB-70  air  vehicle.  When  a  single 
(3,000  psi)  actuator  was  considered  for  this  simulator  it  became  apparent 
that  a  large  side  rotating  moment  would  have  to  be  resisted  by  the  trunnion 
bearings  since  it  (the  3,000  psi  actuator)  could  not  be  installed  on  the 
centerline  of  the  smaller  XB-70  actuator.  For  the  10,000  cycles  planned 
in  the  endurance  test,  the  dual  actuator  arrangement  appeared  more  practical. 

Tlie  endurance  test  of  10,000  cycles  was  begun  18  May  1967  and  com¬ 
pleted  24  June  1967.  In  attaining  this  objective,  Energy  Storage  Substation 
No.  3  operated  132  hours.  It  had  only  one  failure,  which  involved  the 
mo  tor- pump.  This  was  near  the  beginning  of  the  test.  The  gearbox  and 
flywheel  completed  the  test  without  incident. 

Figures  33  through  37  are  photographs  showing  various  views  of  the 
test,  setup.  It  should  be  noted  that  figures  35,  36,  and  37  show  the  emer¬ 
gency  generator  motor.  This  unit  was  not  used  during  the  test.  The  pictures 
were  taken  prior  to  its  destruction  on  the  Tilt  Table  Simulator.  The  failure 
is  described  in  a  separate  section  covering  operation  of  that  simulator. 

Operation  of  the  simulator  began  using  the  first  delivered  automatic 
New  YoTk  Airbrake  motor-pump  after  it  has  been  refurbished.  This  motor- 
pump  failed  for  the  second  time  after  12  hours  (950  cycles)  of  operation  and 
was  replaced  with  the  second  automatic  New  York  Airbrake  unit.  Shortly  after 
this  unit  began  operation  it  too  began  discharging  abnormal  quantities  of 
chips  through  its  case  drain  line.  Although  New  York  Airbrake  representatives 
felt  that  the  conditions  under  which  this  motor-pump,  and  most  of  its  prede¬ 
cessors,  had  been  operated  was  satisfactory  and  could  not  account  for  the 
failures,  it  was  decided  to  increase  the  low  case  pressures  (O  to  10  psi) 
by  replurrbing  the  simulator  so  that  case  pressure  equaled  return  pressure 
(100  to  200  psi).  As  soon  as  this  was  done,  the  rate  of  chip  generation 
decreased  dramatically  to  normal  limits  and  remained  there  for  the  rest  of 
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Figure  31.  Installation  -  Energy  Storage 
Substation  Landing  Gear  Simulator 
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Figure  33.  Intermittent  Duty  Simulator  -  Panoramic  View  Showing  Air  Load  Cylinder 


Figure  34.  Intemittent  Duty  Simulator  -  Hydraulic  Installation 
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Figure  35.  Intermittent  Duty  Simulator  -  Hydraulic  Installation  Closeup 
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Figure  36.  Intermittent  Duty  Simulator  -  Energy  Storage  Substation  Close 
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Figure  37.  Intermittent  Duty  Simulator  -  Energy  Storage  Substation  Closeup  (Front  View) 


the  tests.  At  present,  there  is  still  no  satisfactory  analytical  explanation 
for  the  improvements  resulting  from  this  change.  However,  it  should  he 
pointed  out  that,  from  that  time  until  the  end  of  the  program  all  motor- 
pump  operation  used  the  high  case  pressure  approach  and  no  further  motor- 
pump  failures  occurred.  In  fact,  from  that  time  forward,  motor-rmmp  perform¬ 
ance  was  excellent. 

At  the  beginning  of  the  endurance  test  the  flywheel  had  three  mano¬ 
meters.  One  read  flywheel  hub  absolute  pressure,  one  read  flvwheel  differ¬ 
ential  from  the  hub  to  the  tip  and  a  third  read  baraometric  pressure  at 
the  flywheel  tip.  During  the  initial  stages  of  simulator  operation  it  was 
observed  that  these  manometer  lines  connected  with  the  flywheel  housing 
would  gradually  fill  with  oil.  This  led  to  false  manometer  readings.  It 
was  believed  that  this  phenomenon  steamed  from  peculiarities  of  the  vacuum 
system.  Upon  shutdown,  the  vacuum  pump  discharge  line  would  siphon  a  small 
amount  of  return  oil  backward  through  the  meshing  gear  teeth  of  the  vacuum 
punr>  due  to  residual  vacuum  in  the  flywheel  housing.  Upon  startup  the 
bulk  of  this  oil  would  gradually  be  scavenged  from  the  housing  by  the  fly¬ 
wheel  rotation.  In  the  process ,  however,  the  high  tip  speed  of  the  wheel 
would  vaporize  some  of  the  oil  it  contacted  and  send  the  vapors  into  all 
parts  of  the  vacuum  system.  The  manometer  lines  being  lower  than  the  sub¬ 
station  by  about  25  feet,  and  cooler  due  to  room  temperature  exposure, 
would  recondense  the  vapors,  trapping  the  liquid  on  top  of  the  columns  of 
mercury.  The  condition  was  remedied  by  deleting  two  of  the  manometers  which 
were  considered  nonessential  and  installing  the  third  manometer  above  the 
substation.  It  supplied  absolute  pressure  at  the  flywheel  tip  and  was  read 
through  a  telescope  near  the  test  panel.  An  electrically  operated  dump 
valve  was  also  installed  at  the  drain  line  from  the  flywheel  housing.  The 
dump  valve  was  operated  just  as  substation  shutdown  was  initiated.  The  line 
was  left  open  until  the  next  startup  and  only  a  small  amount  of  dripping 
occurred.  This  was  believed  to  be  exclusively  rotary  seal  leakage,  since 
a  slight  amount  of  carbon  discoloration  could  usually  be  detected.  With 
operation  as  outlined  above  a  close  surveillance  of  the  condition  of  the 
rotary  seals  was  possible  throughout  the  endurance  test.  The  surveillance 
indicated  that  there  was  no  significant  change  in  leakage  throughout  the 
test. 


IXiring  the  course  of  testing  most  of  the  interruptions  resulted  from 
failures  in  the  landing  gear  test  fixture  and  its  associated  commercial  and/or 
instrumentation  equipment.  The  commercial  hydraulic  actuators,  which  raise 
and  lower  the  simulated  landing  gear  strut,  were  initially  designed  with 
aluminum  pistons  that  seal  to  the  barrel  by  means  of  an  O-ring  that  is  banded 
on  its  outside  diameter  by  a  teflon  ring  or  "slipper".  The  nature  of  the 
seal  installation  coupled  with  the  manner  in  which  the  actuator  was  used 
allowed  extrusion  of  the  seal  through  the  piston- to-barrel  clearance.  An 
excessive  amount  of  clearance  had  built  up  as  a  result  of  the  actuator's  pre¬ 
vious  usage.  This  fact  plus  the  large  moment  on  the  rod  end  tending  to  cock 
the  piston  in  the  barrel  led  to  piston  seal  extrusion.  The  same  large  moment 
conditions  also  led  to  several  actuator  rod  seal  failures.  Prior  to  begin¬ 
ning  the  endurance  test,  during  simulator  fabrication,  the  actuators  were 
refurbished  with  new  seals.  New  piston  and/or  rod  seals  were  also  installed 
after  2,756,  4,030,  5,734,  and  8,505  cycles  due  to  leakage  or  excessive  by¬ 
passing  of  fluid  past  the  pistons,  The  condition  was  improved  during  the 
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course  of  the  refurbishments  by  machining  new  pistons  which  had  less  clear¬ 
ance,  and  honing  the  barrels  to  a  very  smooth  finish.  The  rod  end  and  cyl¬ 
inder  head  pivot  bearings  on  these  actuators  began  to  gall  and  bind  between 
the  bolt  and  bearing  inside  diameter  after  only  a  few  cycles.  Bearing  and 
bolt  replacements  were  made  but  this  only  brought  temporary  relief.  The 
bolts  were  then  drilled  and  fitted  for  grease  injection.  This  change, 
together  with  periodic  grease  injection  (every  100  cycles),  corrected  the 
problem. 

After  approximately  5,200  cycles,  it  was  observed  that  a  strand  of  the 
steel  cable  vihich  applies  the  equivalent  airload  to  the  strut  had  broken. 
This  signaled  the  beginning  of  cable  deterioration,  and  the  cable  assembly 
was  therefore  replaced.  Since  this  is  a  relatively  inexpensive  item  and 
since  its  failure  could  result  in  extensive  damage  to  surrounding  equip¬ 
ment,  several  spare  cables  were  procured  with  the  intent  of  periodic  re¬ 
placement  throughout  the  remaining  portions  of  the  endurance  tests.  (This 
cable  arrangement  would  be  operative  throughout  the  mechanical  power  extrac¬ 
tion  endurance  tests  as  well  as  those  of  the  hydraulic  power  extraction.) 

Prior  to  beginning  Intermittent  Duty  Cycle  Simulator  testing,  it 
became  apparent  that  it  would  be  necessary  to  operate  at  landing  gear 
speeds  somewhat  above  that  which  are  used  by  the  XB-70  air  vehicle.  (The 
XB-70  air  vehicle  requires  12.5  seconds  to  extend  the  strut  and  7.5  seconds 
to  retract  the  strut.)  The  Intermittent  Duty  Cycle  Simulator  was  operated 
with  a  6-second  extend  time  and  a  5-second  retract  time.  The  dwell  time 
in  the  up  position  was  16-1/2  seconds  while  the  dwell  time  in  the  extended 
position  was  13  seconds . 

This  speedup  in  rate  resulted  from  the  fact  that  the  displacement  of 
the  motor-punp  unit  as  a  motor  equals  its  displacement  as  a  pimp  and  the 
additional  fact  that  the  motor  is  a  fixed  (maximum)  displacement  device  at 
all  times  when  it  is  in  a  motoring  mode.  As  a  result  of  this  fact  the 
ground  power  unit  (GPU)  (the  test  equivalent  of  the  engine-driven  pumps) 
was  required  to  supply  sufficient  flow  to  the  motor  to  wind  the  flywheel 
up  to  53,000  rpm  (i.e.,  13.5  gpm  plus  leakage).  This  flow,  supplied  to 
the  two  commercial  cylinders  used  to  raise  and  lower  the  landing  gear, 
was  sufficient,  all  by  itself,  to  raise  and  lower  the  gear  in  the  12-  to 
15-second  operating  time  range.  Uhder  these  conditions  no  power  extraction 
demands  would  be  made  on  the  energy  storage  substation.  In  order  to  draw 
power  from  the  substation  it  would,  therefore,  either  be  necessary  to 
increase  the  size  of  the  actuating  cylinders  or  reduce  the  operating  time 
to  approximately  one  half.  It  was  elected  to  reduce  the  operating  time 
to  the  aforementioned  6  seconds  extend  and  5  seconds  retract. 

The  data  from  this  test  are  shown  in  table  XII  (three  pages).  Figure 
38  is  a  sample  data  record  taken  during  a  gear- down  and  gear- up  cycle. 

Based  on  the  data  gathered  during  the  Intermittent  Duty  Cycle  Endurance 
Test,  table  XIII  was  created  to  summari'ie  performance  characteristics.  This 
sumnary  indicates  that  the  efficiency  of  extracting  power  during  gear-down 
and  gear-up  is  58.7  and  44.5  percent,  respectively.  (Items  t  and  u.)  The 
losses  which  go  into  making  up  this  efficiency  can  be  categorized  into  those 
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Table  XII 


INTERMITTENT  DUTY  CYCLE  SIMULATOR  TEST  DATA 
(HYDRAULIC  POWER  EXTRACTION) 


Date 


kccvm.  Running  flat  of  Ttit  -  lour* 


Total  Operation  load  Cyeloo 


Inboard 


Outboard 


-  KPN 


NIbIm  Spaed  Attala  Older  Load  -  RFH 


Average  Operational  Tine  >  °*ar 
Bee. /Cycle 


Gear  Op 


Oear  Dorn 


Dwell  Tina  -  Seconds 
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Oear  Box 


Oear  Box  Brg.  AdJ.  flywheel 
Inboard  flywheel  Be  arise  Temp. 


Outboard  flywheel  Bearing  T 


1  Case  Hcrual 


SISTBt  PRESSURE  DATA  -  P6I0 
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Actuator  Press  - 
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Press,  at  Source 
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Table  XII  (Continued) 


INTERMITTENT  DUTY  CYCLE  SIMULATOR  TEST  DATA 
(HYDRAULIC  POWER  EXTRACTION) 


Deta  Sheet  Bo. 


Date 


Accxm.  Running  Tin*  of  Teat  -  Hour* 


Total  Operation  Load  Cycle* 


Titration  Amp.  at  Flywheel 

Bearing*  g'a  _  Outboard 

Flywheel  Speed  at  full  Motoring  -  KPH 
Minimal  Speed  Attala  Under  Load  -  RFM 


Gear 


Oear  Down 


Gear  Up 


Gear  Dawn 


Oear 


6-1 

n 

6-15  6-20 

6-21  6-21 

U'J 


Dwell  Tin*  -  Second* 


Max.  Load  on  Oear  -  lb*. 


ra 


Gear  Down 


pwh  Effi  BTvTni  im  ct?,b  iav-w  mi 

L-.'B  M  BrtizJI  ■>  t-'  am  Wii'-tM  I-vl.'B  iTn^ 


TEMPERATURE  DATA  -  DBG.  ? _ 

Test  Motor  -  Pimp  Inlet  Teop 


Te*t  Motor  -  Pimp  Return  T 
Test  Motor  -  Pump  Case  Drain  T 


Main 


.'ttfl  tl  1  UarJVM.-lVvgy 


WmZXSESTZ 


Gear  Box  Scavenger  Oil  Return  Tem> 


Gear  Box 


Oear  Box  Brg.  AdJ.  flywheel 
Inboard  Flywheel  Bearing  Temp. 
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ElCESSESiaSB! 
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HI 


PRESSURE  DATA  -  PS  10 


Actuator  Press  -  Tenslon-Oear 


Actuator  Pres*  - 
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Table  XII  (Concluded) 


INTERMITTENT  DUTY  CYCLE  SIMULATOR  TEST  DATA 
(HYDRAULIC  POWER  EXTRACTION) 


Via*  of  Toot  -  Boon 


Bote 


Accvol. 


Total 


▼lbratloa  A*>.  at  njrvhool  Inboard 
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Figure  38.  Landing  Gear  (Hydraulic)  Oscillograph  Record 


Table  XIII 


a. 


b. 

c. 

d. 


e. 


f. 

g. 

h. 

i. 

j- 

k. 


1. 


m. 


n. 


o. 


P. 

q. 

r. 


s. 


t. 
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INTERMITTENT!  11JTY  CYCLE  ENDURANCE  TEST  RESULTS  SUNMARY 


Flywheel,  geaibox,  motor  moment  of  inertia 

Flywheel  speed  at  start  of  gear  down  cycle 

Flywheel  speed  at  end  of  gear  down  cycle 

Flywheel  speed  at  start  of  gear  up  cycle 

Flywheel  speed  at  end  of  gear  up  cyc'Li 

Flywheel  kinetic  energy  reduction  during  gear  down 

Flywheel  kinetic  energy  reduction  during  gear  up 

Average  power  supplied  by  flywheel  during  gear  down 

Average  power  supplied  by  flywheel  during  gear  up 

GPU  flow  during  gear  down 

Servo  valve  flow  during  gear  down 

Substation  flow  during  gear  down 

Substation  pressure  differential  during  gear  down 

Substation  hydraulic  power  supplied  during  gear  down 

GPU  flow  during  gear  up 

Servo  valve  flow  during  gear  up 

Substation  flow  during  gear  up 

Substation  pressure  differential  during  gear  up 

Substation  hydraulic  power  supplied  during  gear  up 

Efficiency  of  power  extraction  during  gear  down 
(n  *  h)  x  100 

Efficiency  of  power  extraction  during  gear  up 
(s  ♦  i)  x  100 


.268  in. -lb  sec2 

51.600  rpm* 

44.600  rpm* 
49,400  rpm* 
45,500  rpm* 
990,000  in.-?b 
541,000  in. -lb 
25.0  IIP 

16.4  IIP 

19.5  gpm 
29.0  gpm 

9.5  gpm 
2,642  psi 
14.65  HP 

19.5  gpm 
24.2  gpm 

4.7  gpm 
2,669  psi 
7.3  HP 

58.7  percent 

44.5  percent 


*  Representative  speeds  observed  during  testing 
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of  the  motor-pump  as  a  pump,  and  those  of  the  flywheel  and  its  associated 
components,  i.e.,  the  gearbox,  lube  pump,  and  vacuum  pump. 

It  is  assumed  that  the  mo  tor-pimp  when  operating  at  rated  pumping 
conditions  (i.e.,  3,000  psi,  8,000  rpm  and  full  displacement)  is  85  percent 
efficient.  On  this  basis  the  fixed  losses  would  compute  to  be  about  a 
77.5  percent  efficiency  in  the  system  as  it  was  operated  during  the  pumping 
phase  of  the  duty  cycle,  i.e.,  9.5  gpm  at  2,642  psi  and  speeds  less  than 

8,000  ipm. 

Based  on  an  efficiency  of  77.5  percent  for  the  pump,  the  flywheel 
losses  coupled  with  the  libe  pimp,  vacuum  pump,  and  gearbox  would  be  6.1 
horsepower  in  the  gear-down  cycle.  A  similar  computation  for  the  gear-up 
cycle  shows  an  equivalent  5.1  horsepower  loss. 

These  values  of  flywheel  and  associated  corponent  losses  agree  within 
normal  test  tolerances  with  the  5.0  horsepower  loss  determined  from  the 
Tilt  Table  Endurance  Test. 

C.  MECHANICAL  POWER  EXTRACTION  SYSTEM  ENDURANCE  TEST 


Figures  29  ,  30,  and  31  are  applicable  to  the  mechanical  power  extrac¬ 
tion  test  setup  for  the  Intermittent  Duty  Cycle  Simulator.  Additional  to 
this,  figures  39  and  40  are  drawings  of  components  unique  to  this  arrangement. 

The  motor-pump  used  in  this  test  arrangement  was  the  prototype 
New  York  Airbrake  type  described  in  the  section  covering  the  Tilt  Table 
Simulator.  It  was  allowed  to  operate  in  the  pumping  mode  only  during 
shutdown  of  the  energy  storage  substation.  All  other  operation  was  with 
full  displacement  (.4  in.  rev)  as  a  hydraulic  motor  using  a  flow  regulator 
on  the  hydraulic  inlet  line  to  limit  speed. 

The  clutch  units,  figure  40,  are  Curtiss-Wright  Part  Number  164429, 

Federal  Stock  Mmber  1610-786-7817  used  in  C-133  aircraft  propellers.  The 
brake  is  Curtiss-Wright  Part  Number  161510,  Federal  Stock  Number  1610-715-0714. 
The  clutch,  as  supplied,  delivered  approximately  2,000  inch-nounds  lockup 
torque  with  a  1,500  inch-pound  engagement  torque.  The  clutch  and  power  hinge 
input  shaft  speed  was  set  at  3,238  rpm  which  was  nearly  six  times  the  speed 
used  in  the  C-133  propeller  application  but  still  tended  to  Slav  gear  actu¬ 
ation.  The  present  XB-70  Main  Landing  Gear  operating  times  are  12.5  seconds, 
extend,  7.5  seconds  retract.  To  meet  the  7.5  seconds  time  with  an  unmodified 
hinge  would  have  required  that  the  input  gear,  which  was  designed  for  400 
rpm,  must  turn  at  8,000  rpm.  In  effect  this  would  have  meant  that  the  52,000 
rpm  available  from  the  flywheel  must  be  stepped  down  to  3,238  rpm  in  the 
clutches  and  then  up  to  8,000  rpm  at  the  hinge  input  so  that  the  hinge  could 
step  it  down  to  2  rpm.  The  obvious  solution  to  this  problem  would  have  been 
to  revise  the  power  hinge  input  gearing  to  eliminate  this  "step-up". 

However,  to  do  so  would  have  involved  a  major  revision  to  the  power  hinge 
aid  a  major  delay  in  program  completion. 
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Figure  39.  Mechanical  Hinge 
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A  uniform  gear  extend  and  retract  time  of  15  seconds  was  selected. 

This  represented  a  deviation  from  actual  air  vehicle  duty  cycles  and  actual 
air  vehicle  gear  operation.  On  closer  examination,  however,  these  operating 
times  were  considered  satisfactory  for  the  following  reasons: 

1.  Irrespective  of  operating  time  the  output  hinge 
moments  remained  unchanged. 

2.  The  energy  extracted  from  the  flywheel  per  cycle  remained 
essentially  unchanged  as  a  result  of  changed  cycle  time. 

3.  The  peak  torque  experienced  by  the  flywheel  was  a  function 
of  clutch  slip- torque  characteristics  and  was  independent 
of  operating  time. 

4.  The  peak  power  extraction  was  reduced  by  a  factor  of 
approximately  two.  However,  since  the  fatigue  stresses 
in  the  flywheel,  clutch,  and  gearbox  were  primarily  a 
function  of  torque  and  not  of  paver,  this  factor  did 

not  have  a  significant  effect  on  the  validity  of  the  tests. 

A  kinematic  arrangement  was  chosen  to  connect  the  landing  gear  to 
the  power  hinge  wherein  the  gear  retracted  90  degrees  while  the  hinge 
rotated  115  degrees.  This  is  shown  as  figure  41.  The  hinge  was  overcenter 
when  the  landing  gear  was  extended. 

This  arrangement  permited  the  clutches  to  engage  with  aiding  loads 
(extend)  or  no-load  (except  inertia  of  the  power  hinge  input  shaft) 

(retract) .  It  permitted  the  brake  to  engage  with  opposing  load  on  the  system 
(ups top)  or  with  no-load  originating  from  the  landing  gear  (dam- stop  over- 
center)  ,  It  was  believed  that  this  approach  was  very  close  to  optimum  for 
this  landing  gear  configuration. 

The  control  for  this  system  was  connected  to  an  automatic  timer  wherein 
a  switch  was  closed  to  one  position  and  the  brake  and  one  of  the  two  clutches 
was  energized.  This  released  the  brake  and  engaged  the  energized  clutch. 

At  the  end  of  the  actuation  stroke  a  limit  switch  would  break  the  electric 
circuit,  engaging  the  brake  and  disengaging  the  clutch.  A  similar  sequence 
occurred  in  the  reverse  direction  for  the  opposite  direction  of  landing  gear 
actuation. 

When  the  endurance  test  was  started,  a  total  of  382  cycles  were  com¬ 
pleted  with  no  noticeable  irregularities.  The  clutch  for  engaging  gear- 
down  then  began  to  slip  at  the  maximum  load  portion  of  the  cycle  and  over¬ 
heated  to  the  extent  that  the  clutch  plates  became  warped  and  could  not  be 
separated  from  each  other  in  the  space  that  normally  remains  for  the  de¬ 
energized  clutch  plate  stack.  The  exact  cause  for  this  failure  was  not 
immediately  established,  even  though  an  extensive  effort  was  made  to  analyze 
the  details  of  operation  associated  with  the  te'it  rig  and  test  specimen. 

It  was  noted  during  refurbishment  that  the  gear- 'ip  clutch  plates  showed 
signs  of  cvertemperature,  even  though  this  assembly  vas  functioning  properly. 
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A  lumber  of  potential  caases,  which  were  considered,  were  as  follows: 

1.  Interruption  of  the  clutch  lubrication 
and  cooling  oil  supply 

2.  Inadvertent  energization  of  the  gear- up 
clutch  during  the  gear- down  cycle 

3.  Inadvertent  de- energization  of  the  brake 
during  the  gear- down  cycle 

4.  Overload  of  the  clutch  by  improper  operation 
of  the  simulated  airload  system,  or  by  binding 
in  the  bearings  which  attach  the  linkages  to 
the  strut 

5.  Inadvertent  partial  de- energization  of  the 
gear- down  clutch  during  the  gear- down  cycle 

Following  completion  of  the  refurbishment  of  the  clutches,  the  unit  \*as 
reinstalled  on  the  simulator.  All  systems  and  equipment  were  checked  for 
proper  operation,  and  endurance  testing  was  resumed. 

On  the  maximum  load  portion  of  the  second  gear-dowi  cycle  a  repeat  of 
the  first  failure  occurred.  In  this  case  the  clutch  bindup  was  sufficient 
to  bring  the  flywheel  to  zero  rpm  in  about  5  seconds. 

The  unit  was  removed  and  was  again  returned  to  the  supplier.  Disassembly 
and  inspection  revealed  that  the  gear- down  clutch  had  done  sane  slipping  and 
showed  signs  of  overtemperature .  However,  the  location  of  the  principal  drag 
loss,  where  maximum  heating  occurred  and  where  the  flywheel  energy  must  have 
been  consumed  with  such  rapidity,  was  in  the  gear-up  clutch  plates.  With 
this  in  mind,  and  remembering  that  the  relative  slipping  speed  of  the  de¬ 
energized  clutch  doubles  during  a  gear-up  or  gear- down  operation,  two  addi¬ 
tional  causes  for  failure  were  advanced  as  possibilities. 

1.  Improper  proportioning,  distribution  or  inadequate 
quantity  cf  cooling  oil  supply  to  the  clutches 

2.  Improper  configuration  ox  the  clutch  plate  stack 
with  respect  to  diametral  size,  rotational  speed, 
quantity  of  plates,  and  space  between  plates  while 
operating  in  a  de-energized  condition 

The  assembly  was  completely  refurbished  and  modifications  made  to 
increase  the  space  between  plates  as  much  as  possible  within  the  confines  of 
the  existing  envelope  as  well  as  modifications  to  direct  and  more  evenly  dis¬ 
tribute  a  larger  amount  of  the  cooling  oil  to  the  plates.  These  changes  were 
deemed  prudent  since  as  has  already  been  pointed  out,  this  application  of  the 
clutch  calls  for  speeds  several  times  that  for  which  it  was  originally 
designed.  Any  additional  changes  of  still  larger  scope  which  might  have  been 
necessary  to  correct  the  problem,  such  as  a  reduction  of  the  clutch  plate 
diameter,  or  a  change  in  the  clutch  sneed,  through  gearing  revisions,  were 
not  considered  possible  within  the  effort  and  schedule  limits  of  the  program. 


The  assembly  was  then  reinstalled  on  the  simulator  and  the  test 
again  resumed.  Performance  was  satisfactory;  however,  as  the  test  progressed 
it  was  noted  that  the  dive  11  time  between  cycles  needed  to  be  extended  to 
permit  the  flywheel  to  regain  its  upper  operating  speed.  Additionally  the 
hydraulic  supply  pressure  to  the  motor  had  to  be  progressively  increased. 
Degradation  was  also  noted  with  respect  to  an  increase  in  the  speed  reduc¬ 
tion  experienced  during  the  gear- down  cycle. 

After  reaching  a  point  somewhere  in  excess  of  1,650  cycles  a  slipping 
of  the  gear- down  clutch  began  to  occur  intermittently  during  the  heaviest 
load  portion  of  the  stroke.  When  this  occurred,  it  became  standard  pro¬ 
cedure  for  the  operator  to  stop  the  actuation  and  reverse  the  stroke.  The 
opposing  airloads  then  became  aiding  airloads  and  the  gear  could  be  retracted. 
After  this  reversal,  normal  cycles  could  be  operated.  However,  as  would  be 
expected,  the  frequency  of  occurrence  of  this  slipping  increased,  and 
eventually  required  shutdown  of  the  simulator  at  1,745  cycles. 

After  a  review  of  the  problems,  the  corrective  action  previously 
taken,  and  test  data  accumulated  to  date,  it  was  apparent  that  a  major 
redesign  would  be  necessary  to  accomplish  the  original  nunber  of  test  cycles 
without  an  extensive  number  of  refurbishments;  therefore,  testing  was 
terminated. 

The  test  did,  however,  accomplish  the  basic  objective  jf  demonstrating 
the  mechanical  power  extraction  approach  for  energy  storage  substations, 
even  though  the  components  were  misconfigured  for  this  application.  Addi¬ 
tional  testing  would  have  served  no  useful  purpose  other  than  to  show 
10,000  cycles  could  be  attained  after  repeated  refurbishment  of  this  hard¬ 
ware,  where  in  reality  a  jproper  design  would  require  components  especially 
constructed  for  this  application. 

Data  from  this  test  are  shown  in  table  XIV.  Figure  42  is  a  data  record 
taken  near  the  end  of  the  test. 

From  the  data,  table  XV  was  created  to  summarize  the  performance. 

The  efficiency  of  18.7  percent  for  the  mechanical  system  during  gear-down 
would,  on  the  surface,  seem  unattractively  low;  however,  this  number  repre¬ 
sents  the  inefficiency  of  all  of  the  elements  in  series,  from  the  flywheel 
to  the  airload  cable  in  one  path,  and  from  the  hydraulic  motor  to  the  air¬ 
load  cable  in  another  path.  A  breakdown  of  the  various  elements  in  these 
paths  is  not  possible  because  there  were  no  dynamic  torque  measurements 
recorded. 

A  similar  figure  in  the  hydraulic  power  extraction  system  would  use 
25  horsepower  as  flywheel  input,  30  horsepower  as  GPU  input  resulting  in  a 
total  of  2,180,000  inch-pounds  over  a  6-second  time  span.  This  would 
represent  32.7  percent  efficiency  including  all  of  the  elements  in  the  load 
path  to  the  airload  cable. 

Before  the  test,  it  was  believed  that  the  mechanical  system  would  shot'’ 
a  much  higher  efficiency  than  the  hydraulic  power  extraction  system.  The 
reason  that  it  did  not  is  principally  because  of  the  no-load  losses  that 
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Table  XIV 

INTERMITTENT  DUTY  CYCLE  SIMULATOR  TEST  DATA 
(NEQIANICAL  POWER  EXTRACTION) 
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Figure  42.  Landing  Gear  (.Mechanical)  Oscillograph  Record 
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Table  XV 

M-CHANICAL  POWER  EXTRACTION  ENDURANCE  TEST  RESULTS  StMtARY 


Flywheel,  etc,  moment  of  inertia 

/ 

Flywheel  speed  at  start  of  gear- down  cycle 
Flywheel  speed  at  end  of  gear- down  cycle 
Flywheel  kinetic  energy  reduction  during  gear- dam 
Average  power  supplied  by  flywheel  during  gear-down 
Hydraulic  motor  pressure  differential 
Hydraulic  motor  flow 

Kinetic  energy  supplied  by  hydraulic  motor  during 
gear-down  (85  percent  eff) 

Average  power  supplied  by  hydraulic  motor  during 
gear-down 

Total  kinetic  energy  supplied  to  mechanical  system 
during  gear- down 

Total  average  power  supplied  to  mechanical  system 
during  gear-down 

Theoretical  mechanical  energy  required  by  airload 
and  weight 

Theoretical  average  mechanical  power  required  by 
airload  and  weight 

Efficiency  of  mechanical  system  during  gear- down 


.268  in. -lb  sec^ 
49,600  rpm 
39,200  rpm 

I, 365,000  in. -lb 

II. 7  IIP 
2,680  psi 

16.0  gpm 

1,815,000  in. -lb 
21.2  HP 

3,180,000  in. -lb 
32.9 

712,042  in. -lb 

5.4  HP 

22.4  percent 


*  NOTE  The  net  flywheel  speed  change  during  gear-up  was  frequently 
equal  to  zero  resulting  in  no  change  to  the  flywheel  kinetic 
energy. 
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existed  in  the  deenergized  clutch.  This  first  became  apparent  when  sub¬ 
station  operational  checkout  required  an  unusually  long  time  to  bring  the 
flywheel  up  to  speed.  As  noted  in  the  endurance  test  description,  these 
losses  were  the  result  of  inproper  clutch  configuration  for  this  applica¬ 
tion,  and  eventually  lead  to  early  termination  of  the  test. 

The  flywheel  both  speeded  up  and  slaved  down  during  the  gear-up  portion 
of  the  cycle;  however,  in  general  the  net  change  in  speed  was  for  all  prac¬ 
tical  purposes  equal  to  zero.  Considering  the  inefficiencies  just  cited 
in  the  mechanical  system,  this  characteristic  of  the  simulator  would  indi¬ 
cate  that  a  large  amount  of  the  aiding  load  paver  was  being  constructively 
used  to  offset  losses.  It  is  conceivable  that  in  a  properly  configured 
system,  the  aiding  loads  of  a  duty  cycle  could  be  used  to  help  restore  fly¬ 
wheel  speed.  This  consideration  is  not  applicable  in  the  hydraulic  paver 
extraction  system. 

D.  INTERMITTENT  DUTY  cycle  sijulator  test  conclusions 


The  tests  conducted  on  the  Intermittent  Duty  Cycle  Simulator  indicated 
that  mechanical  power  extraction  enploying  disc  clutches  and  mechanical  hinges 
is  very  feasible.  However,  the  tests  also  indicated  that,  wherever  a  high 
inertia  power  source  (such  as  the  flywheel)  is  connected  to,  and  operates,  a 
liigh  inertia  load  (such  as  the  landing  gear)  by  means  of  a  clutch,  the  start¬ 
ing  (acceleration)  and  stopping  (deceleration)  of  the  load  should  be  accom¬ 
plished  through  overcenter  linkage  or  its  equivalent. 

As  has  been  previously  indicated  it  was  also  concluded  from  these  tests 
that  the  selection  of  the  clutch  size  and  operating  speed  is  a  major  factor  in 
the  effectiveness  of  this  approach.  For  this  particular  application  it  was 
concluded  that  the  clutch  brake  unit  should  have  operated  at  approximately 
one-half  the  speed  necessitated  by  this  application  (i.e.,  1,600  rpm  versus 
this  application's  3,238  rpm)  and  the  mechanical  hinge's  gear  reduction  ratio 
should  have  been  reduced  to  one-third  of  its  present  value  (i.e.,  830:1  versus 
this  application's  2,500:1). 

Tlte  incorporation  of  all  of  these  changes  (i.e.,  overcenter  linkage, 
reduced  clutch  speed  and  reduced  hinge  ratio)  should  lead  to  numerous  improve¬ 
ments  in  the  system  as  follows: 

1.  Parasite  losses  should  reduce  by  50  percent.  This  would  mean  that 
item  k  in  table  XV  would  become  19.25(33.3  HP  -  (33.3  -  6. 2). 50  ■ 
19,25],  thus  inproving  the  efficiency  of  item  n  to  32  percent.  It 
should  be  noted  that  this  efficiency  is  nearly  a  standoff  with  the 
equivalent  hydraulic  system  efficiency  (32.7  percent)  mentioned 
earlier.  However,  since  the  hydraulic  system's  efficiency  is  essen¬ 
tially  the  same  for  gear-up  and  gear-down  while  the  mechanical  system 
can  take  advantage  of  aiding  loads  and  does  not  extract  energy  from 
the  flywheel  during  gear-up,  it  may  be  safely  concluded  that  the 
mechanical  system's  cycle  efficiency  in  terms  of  losses  is  approxi¬ 
mately  twice  as  good  as  that  of  the  hydraulic  system. 
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2.  Heat  rejection,  which  was  a  problem  throughout  the  mechanical  demon¬ 
stration,  would  be  reduced  by  SO  percent  and  would  cease  to  be  a 
significant  consideration. 

3.  Gear  cycle  time  would  be  comparable  to  that  exhibited  by  the  hydrau¬ 
lic  type  (i.e.,  less  than  12.5  seconds). 

4.  Medianical  power  extraction  component  weight  would  be  reduced  and 
would  total  to  about  250  pounds.  Tie  weight  of  the  system  as  tested 
was  299  pounds  and  consisted  of  the  fol loving  component  weights: 


Clutch  brake  unit 
Mechanical  hinge 
PTO  shaft 

Total 


102.5  pounds 

199.5  pounds 
2.0  pounds 

TtHTTT  pounds 


With  overcenter  linkage  the  size  of  the  brake  could  be  greatly  reduced. 
This  plus  refinements  in  the  clutches  and  gearing  should  make  possible 
a  33-pound  weight  reduction  in  the  clutch  brake  unit.  Tie  reduction 
in  mechanical  hinge  gearing  ratio  would  make  possible  the  revision  of 
the  inner  stage  gearing  which  in  turn  would  reduce  the  hinge  weight 
I>y  about  16  pounds. 


Tie  tabulated  weight  data  for  the  system  would  then  become: 


Clutch  brake  unit 
Mechanical  hinge 
PTO  shaft 

Total 


69.5  pounds 
178.5  pounds 
2.0  pounds 
Zi>O,0  pounds 


It  was  concluded  when  comparing  medianical  versus  hydraulic  power  extrac¬ 
tion  that  each  liad  certain  basic  characteristics  which,  under  a  given  set  of 
circumstances,  might  favor  its  use.  The  hydraulic  system  has  high  efficiency 
under  high  load  but  low  efficiency  under  low  load,  and  no  load  losses  are 
about  as  large  as  the  useful  work  accomplished  during  peak  load.  As  previ¬ 
ously  stated,  the  hydraulic  system  cannot  take  advantage  of  aiding  loads.  In 
the  presence  of  aiding  loads  the  flyvrtieel  still  loses  speed.  On  tlie  other 
hand,  tlie  mechanical  systems  can  stoie  energy  in  the  presence  of  aiding  loads 
but  suffers  relatively  high  energy  extraction  rates  from  tlie  flywheel  during 
opposing  load  portions  of  the  cycle.  From  this  it  was  concluded  that,  where 
load  conditions  were  the  primary  factor  considered,  hydraulic  systems  would 
tend  to  be  favored  in  tlie  presence  of  sustained  high  opposing  loads  whereas 
mechanical  systems  would  be  preferred  in  the  presence  of  moderate  average 
loads  and/or  reversing  loads. 

It  was  also  concluded  that  tlie  medianical  system  is  inherently  more  flex¬ 
ible  in  application.  By  definition  tlie  means  for  energy  input  and  extraction 
in  the  hydraulic  system  is  limited  to  hydraulic  devices  (i.e.,  pumps,  motors, 
and/or  pump-motors).  Conversely  tlie  medianical  system,  although  limited  to 
medianical  devices  for  energy  extraction,  is  adaptable  to  a  variety  of  input 
devices.  Tiese  would  include  hydraulic  motors,  electric  motors,  shafting,  and 
gas  turbines. 
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Section  V 


CONTINUOUS  DUTY  CYCLE  SIMJLATOR 


A.  FLiqrr  CONTROL  APPLICATION 

The  Continuous  Duty  Cycle  Simulator  was  a  test  arrangement  of  a  simu¬ 
lated  flight  control  system  that  demonstrated  an  application  of  a  flywheel 
energy  storage  substation.  Flight  control  functions  are  typified  by  an 
almost  continuous  demand  for  power  at  lew  level  (usually  below  10  percent 
of  maximum  rated  power)  interspersed  with  short  term  power  demands  approach¬ 
ing  100  percent  rated  power.  The  substation  in  this  application  was  designed 
to  supply  a  third  of  the  power  requirement  when  the  100  percent  rated  demand 
was  called  for  by  the  duty  cycle.  On  an  actual  airplane,  this  would  allow 
the  nomal  engine-driven  secondary  power  system  to  be  designed  to  slightly 
larger  tlian  continuous  duty  cycle  requirement.  Specifically,  this  simulator 
was  designed  to  demonstrate  the  ability  of  an  energy  storage  substation  to 
supply  power  to  a  load  bank  which  simulated  the  duty  cycle  and  power  require¬ 
ment  equivalent  to  a  single  system  operation  of  three  panels  of  the  XB-70 
elevon  system. 

B.  SIMJLATOR 

As  shown  in  figure  43,  the  simulator  consisted  of  a  laboratory  hydraulic 
power  supply  package,  a  motor-punp  hydraulic  unit,  a  gearbox  for  exchanging 
energy  between  the  motor-pump  and  flywheel,  a  flywheel  together  with  its 
housing,  and  a  load  bank  package.  The  XB-70  elevon  panel  actuator  package 
was  simulated  try  a  linear  actuator  with  equal  extending  and  retracting  piston 
areas  irfiich  converted  flow  into  linear  motion.  The  actuator  operated  a 
linear  potentiometer  which  supplied  information  for  the  data  record. 

The  energy  storage  substation  for  the  simulator  used  the  automatic 
New  York  Airbrake  type  motor-pump  which  incorporated  the  integrated  pressure 
sensing  for  motoring  and  pumping  modes,  and  for  varying  punping  displacement. 
A  description  of  the  function  of  the  control  is  covered  in  the  section  per¬ 
taining  to  the  Tilt  Table  Simulator. 

Fabrication  of  the  Simulator  consisted  essentially  of  conversion  of 
the  Tilt  Table  Simulator  into  a  test  arrangement  with  a  fixed  (nontilting) 
mounting  and  the  rearrangment  and  addition  of  the  equipment  to  impose  the 
appropriate  flight  control  duty  cycle  power  extraction  on  the  energy  storage 
substation. 

The  flight  control  duty  cycle  flow  demand  was  plotted  as  a  curve  on  a 
rotating  (Data-Trak)  drum,  which  had  a  curve- following  device  that  generated 
a  representative  signal.  This  signal  was  supplied  to  a  Moog  servo  valve  which 
inposed  the  flow  demands  on  the  energy  storage  substation  by  operating  the 
actuator. 

The  duty  cycle  created  for  this  1,500-hour  endurance  test  is  shown  in 
figure  44.  It  describes  flew  characteristics  for  a  simplified  yet  repre¬ 
sentative  set  of  motions  for  operation  of  three  elevon  panels  in  the  XB-70 
flight  control  system.  The  flow  pattern  shown  (covering  an  interval  of 
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TERISTICS  OF  OONTItMOU5  DUTY  CYCLE  SIMULATOR  ENDURANCE  TESi  SPECIMEN 
Figure  44.  Continuous  Duty  Cycle  Simulator 


16  seconds)  is  considered  to  be  one  flow  demand.  Table  XVI  describes  the 
distribution  of  these  representative  motions  throughout  the  5-hour  flight 
missions  which  the  endurance  test  was  to  demonstrate.  The  complete  test 
spectrum  consisted  of  300  5-hour  missions  which  were  combined  to  demonstrate 
a  total  flight  time  and  test  time  of  1,500  hours. 

The  first  step  in  arriving  at  the  above  test  spectrum  was  to  establish 
a  generalized  estimate  of  the  requirements  for  the  flight  control  systems 
of  a  variety  of  aircraft  including  the  XB-70  class  vehicles.  The  mission  was 
considered  to  be  composed  of  a  set  of  flight  regimes,  each  of  which  had  four 
types  of  flow  demands.  Table  XVII  is  a  breakdown  of  this  information. 

The  duty  cycle  which  was  develo^d  used  table  XVII  as  a  demand- 
frequency  guide.  It  also  utilized  flight-test  data,  analog  data,  and  other 
experimental  information  to  define  the  specific  nature  of  the  flow  demands. 
The  flywheel  speed  recovery  time  from  these  flow  demands  was  small  enough 
that  equal  spacing  of  the  flow  demands  in  each  flight  regime  was  acceptable 
and  statistically  compatible  with  pilot  stick  inputs.  As  an  exanple  the 
most  severe  flow  demands  occurred  during  emergency  and  attack.  In  this 
case  34  demands  of  16  seconds  each  was  accomplished  within  D00  seconds  of 
elapsed  time. 

Surface  dither  (motion  of  the  surface  of  small  amplitude,  but  high 
frequency)  was  not  considered  to  impose  a  load  on  the  energy  storage  sub¬ 
station  if  the  resultant  flow  demand  was  less  than  50  percent  of  the  maxi¬ 
mum  flow  demand.  These  type  dcnands  would  be  supplied  by  the  engine-driven 
pumping  system  in  an  actual  air  vehicle.  This  effectively  eliminated 
co lunns  A  and  B  shown  in  table  XVII  from  further  consideration  in  construc¬ 
ting  the  test  spectrum. 

In  the  development  of  the  test  spectrum,  major  consideration  was  given 
to  the  magnitude  of  flow  demands  and  the  relative  rates  of  their  occurrences. 
The  particular  shape  of  figure  44  is  a  flow  time  history  equivalent  to  three 
movements  of  the  control  surface  from  neutral  to  some  deflection  and  then  a 
return  to  neutral  under  varying  flow  demands.  The  three  actuator  movements 
are  derived  from  a  combination  of  control  cycles  which  prevalently  appear 
in  flight-test  data.  The  combination  of  flow  rates  was  scaled  to  result 
in  a  100  percent  flow  rate  of  the  simulator. 

C.  ENDURANCE  TEST 


The  endurance  test,  targeted  for  1,500  hours  and  consisting  of  300  simu¬ 
lated  5-hour  flight  missions  was  successfuly  completed.  The  only  incidents 
which  arose  occurred  near  the  beginning  of  the  test.  These  are  discussed 
at  greater  length  further  on. 

Figures  45  and  46  are  sample  data  records  showing  the  velocity  of  the 
actuator,  flywheel  speed,  and  the  pressure  fluctuations  which  appeared  in 
the  system  supply.  Figure  47  is  similar  to  figures  45  and  46  except  that 
it  was  made  using  expanded  ordinate  scales  to  clarify  the  action  which  occurs 
during  the  transition  between  motoring  and  pumping.  Since  actuator  velocity 
should  be  proportional  to  actuator  flow  demand,  a  comparison  between  the  out¬ 
put  flow  shown  on  these  figures  and  the  input  of  figure  44  was  an  excellent 
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Table  XVI 


BASIC  DUTY  CYCLE  APPLICATIONS 
FOR 

ENDURANCE  TESTING  OF  ENERGY  STORAGE  SUBSTATIONS 
(APPLICABLE  TO  B-70  CLASS  AIRCRAFT) 


Mission 

Regime 

Duration 

(Seconds) 

Demands  Per 
Regime 

C  +  D  From 
Table  II 

Basic 

Duty 

Cycle 

Repetitions 

Takeoff,  roll 

55 

6 

1 

Lift-off,  climb 

1,300 

8 

2 

Cruise 

7,020 

18 

3 

Emergency,  attack 

900 

207 

34 

Cruise 

7,020 

18 

3 

Descent 

1,340 

24 

4 

Approach  and  rollout 

380 

7 

1 

18,015 

288 

48 

104 


1 


Table  XVII 


GENERALIZED  CONTROL  SYSTEM  DUTY  CYCLES 


(INCLUDING  B-  70  CLASS  AIRCRAFT) 


Mission  Regime 

Duration 

(Seconds) 

Surface  Rate  Classification  * 
(No.  of  Demands  Per  Regime) 

A 

B 

C 

D 

Takeoff,  roll 

55 

55 

8 

4 

2 

Lift-off 

300 

300 

12 

2 

0 

Cl  infc 

1,000 

1,000 

24 

6 

0 

Cruise 

7,020 

7,020 

430 

16 

2 

Emergency  and  attack 

yoo 

900 

380 

200 

7 

Cruise 

7,020 

7,020 

430 

16 

2 

Descent 

1,340 

1,340 

185 

24 

0 

Approach 

300 

300 

98 

4 

0 

Rollout 

80 

80 

12 

2 

1 

*  Surface  rate  classifications 

Class  Percent  Maximum  Surface  Rate 


A  10 

B  33 

C  73 

D  86 


10S 


m 


FLIGHT  SEQUENCE  NO.  10 


FLIGHT  SEQUENCE  NO.  207 


1 


Figure  46 


Figure  47.  Oscillograph  Record  With  Expanded  Ordinate  Scale 


means  to  establish  that  the  energy  storage  substation  was  being  subjected 
to  a  representative  duty  cycle  and  was  meeting  its  performance  requirements. 
This  was  periodically  done  throughout  the  endurance  test  and  in  all  cases  the 
correlation  between  input  and  output  was  very  good. 

Table  XVIII  (eight  pages)  are  data  sheets  taken  during  the  tests.  Each 
sheet  was  selected  from  among  the  38  taken  during  the  1,500 -hour  test. 

Their  selection  was  based  upon  some  particular  "out  of  the  ordinary"  event. 
These  events  ranged  from  start  of  test,  through  substation  replacement  due 
to  failure  to  lubricant  oil  drain  and  change.  Each  column  of  data  was  taken 
at  5-hour  intervals  and  does  not  shew  short  term  trends,  such  as  a  runaway 
terperature  rise  preceding  bearing  failure.  However,  they  do  show  the  long 
term  changes,  such  as  the  gradual  degradation  in  flywheel  housing  vacuum, 
whidh  is  discussed  subsequently. 

Figures  48  and  49  are  plotted  data  points  obtained  from  a  digital  com¬ 
puter  which  summarized  the  first  1,100  hours  of  testing  with  respect  to 
average  temperature,  lubrication  flew,  and  flywheel  vacuum.  The  temperature 
plot  (figure  48)  is  the  average  of  the  12  temperatures  taken  for  each  of  the 
5-hour  missions.  It  shows  that,  although  variations  in  the  operating  tenper- 
ature  of  the  siistation  occurred,  the  performance  was  stable  within  a  reason¬ 
able  range.  It  should  be  remembered  when  examining  the  temperature  range 
exhibited  in  figure  48  that  the  temperatures  in  the  "shatter  shield"  box  which 
surrounded  the  energy  storage  substation  varied  widely. 

Hie  "shatter  shield"  box  was  a  device  which  was  required  by  plant  safety 
personnel  until  the  structural  failure  characteristics  of  the  flywheel  were 
more  accurately  delineated.  Unfortunately  due  to  its  thick  woodlined  walls 
it  was  an  excellent  insulator  and  prevented  normal  convective  cooling  of  the 
substation.  In  an  attempt  to  keep  the  temperature  in  the  box  at  a  normal 
70°  F  a  jury- rigged  GO,  system  was  used.  With  this  arrangement,  box  tenper- 
atures  varied  widely  C0°  to  110*  F)  and  helped  account  for  the  width  of  the 
temperature  range  in  figure  48.  However,  the  average  tenperature  maintained 
in  the  box  was  approximately  70°  F. 

Figure  49  is  a  plot  of  the  flywheel  housing  vacuun  and  is  shown  to  be 
directly  affected  by  the  condition  of  the  oil.  As  is  noted  later,  the  sharp 
dips  to  a  lower  absolute  pressure  are  associated  with  routine  oil  changes. 

During  flight  number  26  (125.7  hours),  the  flywheel  vacuum  gradually 
degraded  and  at  a  certain  point  the  temperature  of  the  housing  suddenly 
climbed  in  a  manner  typical  of  a  runaway  overheat  condition.  At  the  same 
time  it  was  noted  that  flywheel  speed  reduced  as  would  be  expected  if  sig¬ 
nificant  power  losses  were  to  be  suddenly  introduced  into  tire  system.  For 
these  reasons  the  energy  storage  substation  was  shut  down  for  investiga¬ 
tion.  There  was  evidence  of  oil  leakage  through  the  rotary  seals  at  the 
flywheel  hubs.  However,  a  vacuum  could  still  be  maintained  on  the  housing 
statically  during  bench  tests,  and  the  bearings  appeared  to  be  in  operating 
condition.  On  the  other  hand  a  patdi  test  of  the  lubricating  system  showed 
metal  particles  plus  an  unusual  finely  dispersed  metallic-appearing  residue. 
Because  this  type  of  contaminant  had  never  been  seen  during  previous  fly¬ 
wheel  failures  it  was  decided  to  check  the  gearbox  first.  On  this  basis 
the  gearbox  was  returned  to  the  supplier  for  inspection  and  refurbishment. 


Table  XVIII 

CONTINUOUS  DUTY  CYCLE  TEST  DATA 


SUHMARi  DATA  SHEET  NO: 


■  Time  of  Test.  -  Hotu  s _ 


Vibration  Amp.  at  Flywheel  Inboard 

Bearings  -  g's  Outboard 


(1)  Flywheel  Speed  at  Full  Motoring  -  RBI 

(2)  Minimum  Speed  Attain  Under  Load  -  RFM 


Total  No.  of  Simulated  Aircraft  Flights 


DATE:  6-28-67 _ 


5.3  |  10.5 1  16.0 1  21.5 1  26.51 29.8  I  35-5  |  ««.5 


■3 

m 

m 

— 

•B 

m 

m 

ha 

31 

ha 

m 

3 

3 

m 

3 

h? 

3 

3 

3 

m\ 

□I 

□ 


TEMPERATURE  DATA  -  DEG.  F 


Teat  Pump  Inlet 


Test  Pump  Return 


Teat  Pump  Caae  Drain 


Main  Hyd.  Reservoir  Supply _ 


Lube  Oil  Return 


Lube  Oil  Suction 


Scavange  Oil  Return 


Gear  Box  Bearing  Adjacent  Pump 


Gear  Box  Bearing  Adjacent  Flywheel 


Inboard  Flywheel  Bearing 


Outboard  Flywheel  Bearing  _ 


Flywheel  Case  ilouai 


SYSTEM  PRESSURE  DATA  -  PSIG 


Outboard  Flywheel  Bearing 


Inboard  Flywheel  Bea'  ing 


Luba  Pump  Pressure  Port 


Lube  Reservoir 


Hyd  Supply  tap  Press.  Port  _ 


Test  Motor  Press.  Fort  (Motoring) 


Test  Motor  Return  Port  (Motoring) 


Teat  Pump  Press.  Range  (Pumping) 


Test  Flap  Suction  Press.  (Pumping) 


Test  Motor  -  Pump  Case  Drain 


Pressure  at  Flywheel  Tip  ••  CM  Hg  Ab. 


FLUID  FLOW  DATA  -  GFM 


Inlet  Flow  to  Meter 


Motor-Fiap  Case  Crain  Flow 


A.P.U.  Plow  Rate 


Combined  A.P.O.  k  Test  Pump  Flow  (Max 


Teat  Pi^>  Plow  Rate  -  Range 


Outboard  Baarlng  Lube  Flow  -  cc/aln 


Inboard  Bearing  Lube  Plow  -  cc/aln 


lilli  J 

140 

141 

142 

US 

140 

141 

142 

142 

185 

182 

185 

182 

182 

130 

_i3L 

135 

132 

134 

192 

190 

182 

174 

169 

94 

92 

91 

91 

94 

~148 

142 

145 

140 

138 

198 

190 

K£1 

182 

170 

200 

200 

155 

189 

18 2 

189  I  175 


175  175 


104 


183  174 


164  143 


90  120 


150  150 


162  152 


190  196 


132  141 


189  177 


111  103 


143  150 


192  190 


192 


197  191 


152 


128  I  100 


30 1  31 1  30  I  30  I  31 1  30 


32  32  30  31  32  32 


50 1  51 1  50  I  51 1  50 1  50 


3450 1 3500 


3450 

3450 

3400 

3400 

120 

120 

b&ic=: 


EmwmMmwmMmwMwmwm 


3.5 

IE33I 

3.2 

IE53I 

3^1 

Liil. 

E^BSEZaEZaESSESEIBEKaiSE! 

FnTlKIPlEnHBIPBIPBfflKWflKW 


36.0  1  35.9  |  35.9 1  35. 9|  35.8|  35.8 


0-13 


750  760  750  750  760  760 


820  1  800  i  810  I  820  I  820 


1 


Table  XVIII  (Continued) 


CONTINUOUS  DUTY  CYCLE  TEST  DATA 


SUMMAR1  DATA  SHEET  NO: 


45.5  150-5  I55.5  1 60-5  1 65. 5  I  70.5  I  75.8 1  ei.O 


Inboard 


Outboard 


Vibration  Amp.  at  Flywheel 
Bearings  -  g's 


(1)  Flywheel  Speed  at  Full  Motoring  - 

(2)  Minimum  Speed  Attain  Under  Load  - 


Total  No.  of  Simulated  Aircraft  Flights  I  9 


Total  No.  of  Basic  Duty  Cycle  Repetitions!  432 


21 


m\ 

p 

Ii 

E3SI 

31 

PI 

PI 

sai 

pi 

□1 

pi 

P 

ml 

i 

pi 
m  I 
ai 
31 
Pi 
3 

P 

□ 

□ 


TEMPERATURE  DATA  -  DEG.  F 


Test  Pump  Inlet 


Test  Pump  Return 


Test  Pump  Case  Drain 


Main  Hyd.  Reservoir  Supply 


Lube  Oil  Return 


Lube  Oil  Suction 


Scavenge  Oil  Return 


Gear  Box  Bearing  Adjacent  Pump 


Gear  Box  Bearing  Adjacent  Flywheel 


Inboard  Flywheel  Bearing 


Outboard  Flywheel  Bearing 


Flywheel  Case  Housi 


SYSTEM  PRESSURE  DATA  -  PSIG 


Outboard  Flywheel  Bearing 


Inboard  Flywheel  Bearing 


Lube  Pump  Pressure  Port 


Lube  Reservoir 


Hyd  Supply  Pump  Press.  Port 


Test  Motor  Press.  Port  (Motoring) 


Test  Motor  Return  Port  (Motoring) 


Test  Pump  Press.  Range  (Pumping) 


Test  Pump  Suction  Press.  (Pumping) 


Test  Motor  -  Pump  Case  Drain 


Pressure  at  Flywheel  Tip  ••  CM  Hg  A’o. 


FLUID  FLOW  DATA  -  CPM 


Inlet  Flow  to  Meter 


Motor-Pump  Case  Drain  Flow 


A.P.U.  Flow  Pate 


Combined  A.P.U.  It  Test  Pump  Flow  (Max 


Teat  Pump  Flow  Rate  -  Range 


Outboard  Bearing  Lube  Flow  -  cc/min 


Inboard  Bearing  Lube  Flow  -  cc/min 


155  142 


141*  160 


190  190 


133  136  145 


158  178  195 


97  102 


142  130 


186  170 


101  8C 


160  157 


160  157 


180  190 


155  140 


158  160 


85  100 


140 


166 


183  187  195 


180 


182 


98  100  125 


195  175 


170 


160 


108  125 


170 


160  172 


172 


16c 


90  |  105 


iwmmiimmtrmrmTmTm 

IKQE^ER3R!!3R(!3R!3Rr3E!SS9 


120 1 120  1 120 1  120 1  120  120  120  120 


mmarmtinmiKm 


I  IT  :|  Ft!  1  KSI  Ft':l  Ft':l  KT:I 


3-2  3-2 


lfc.O  16.0  16.0 


0.75  0.75  0.751  0.80 


23  23 


35-8  35.6  35.6  1 35.6  35.8 


0-12.60-12. 


760  750  740  740  740 


820  I  820  I  820  820  810 


2.9  2.6 


35.8  35.8  35.8 


76c  |  740 


810 


♦Started  to  record  vibration  g'  load  on  inboard  and  outboard  flywheel  bearings. 
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Table  XVIII  (Continued) 
CONTINUOUS  DUTY  CYCLE  TEST  DAI A 


SlMIARl  DATA  SHEET  NO: 


Inboard 


128. 


8.0  8.5 


DATE:  7-15-67 


143.7  I48.7ll53.9l  158.91 163.4 


10.0  I  10.0  10.0 1  10.6 1  10.0 


7.8|  7.8|  7.8 


k  Time  of  Test  -  Horn  s  _ 


V ibration  Amp.  at  Flywheel 

Hearings  -  g's  } Outboard |  6.5 


(1)  Flywheel  Speed  at  Full  Motoring  -  RPM 

(2)  Minimum  Speed  Attain  Under  Load  -  itPM 


Total  No.  of  Simulated  Aircraft  Flights 


Total  No.  of  Basic  Duty  Cycle  Repetitions!  1200  |  1248  |  1296  |  13^4  |  1392 1  1440 


E 

E 

m 

m 

m 

In} 

m 

33 

m 

3 

m 

□ 

m 

□ 

3 

m 

m 


ItSSI 

|3 

3 

3! 

31 

□ 

3 

□ 


TEMPERATURE  DATA  -  DEG.  F 


Teat  Pump  Inlet 


Test  Pump  Return 


Test  Pump  Case  Drain  _ 


Main  Hyd.  Reservoir  Supply 


Lube  Oil  Return 


Lube  Oil  Suction 


Scavenge  Oil  Return _ 


Gear  Box  Bearing  Adjacent  Pump 


Gear  Box  Bearing  Adjacent  Flywheel 


Inboard  Flywheel  Bearing 


Outboard  Flywheel  Bearing 


Flywheel  Case  Housi 


SYSTEM  PRESSURE  DATA  -  PSIG 


Outboard  Flywheel  Bearing 


Inboard  Flywheel  Bearing _ 


Lube  Pump  Pressure  Port 


Lube  Reservoir 


Hyd  Supply  Pump  Press.  Port 


Teat  Motor  Press.  Port  (Motoring 


Teat  Motor  Return  Port  (Motoring) 


Teat  Pump  Press.  Range  (Pumping) 


Test  Pump  Suction  Press.  (Pumping) 


Test  Motor  -  Pump  Case  Drain 


Pressure  at  Flywheel  Tip  CM  Hg  Ab. 


FLUID  FLOW  DATA  -  GPU 


Inlet  Flow  to  Mater 


Motor-Pump  Case  Drain  Flow  _ 


A.P.U.  Flow  Rate  _ 


Combined  A.P.U.  A  Test  Pump  Flow  (Max 


Teat  Pump  Flow  Rata  -  Range 


Outboard  Bearing  Lube  Flow  -  cc/mln 


Inboard  Bearing  Lube  Flow  -  cc/ain 


149  133 


149  150 


185  190 


120 


138  142 


73  80 


111  no 


170  170 


148 


Eaiza 


ns  100 


30 


30  29 


56 


3500  1  3450 


3400 


120  120 


100 

no 

101 

no 

in 

103 

161 

162 

162 

98 

92 

98 

160 

158 

166 

88 

80 

93 

m 

107 

n5 

170 

171 

178 

130 

158 

155 

141 

148 

168 

140 

141 

162 

98 

98 

145 

30 

27.5 

29 

29 

29 

27 

26 

2B 

56 

53 

53 

52 

3450  3450  3400  3400  3400 


3400  3>*00  3350  3350  3375 


120  120  135  135  no 


VO  { K 1  (il  K  fil  K  fil  Kjrl'l  WsBWk  FmH 


3.8  1 3.4 


tmtm 


16.0 

16,0 

0.75 

0.75 

2.7  I  2.0 


36.1 1 36.1 


36.0 

36.0 

0-13 

0-13 

450 

450 

ISjEiS-TllBlBSdlBBlB&ll&lBSlI 


•testing  of  flywheel  sub-eta tion  Ho.  2  began  at  125.3  hr.  into  the  program. 
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Table  XVIII  (Continued) 
CONTINUOUS  DUTY  CYCLE  TEST  DATA 


SUHMAR1  DATA  SHEET  NO:  5  •  DATE:  7-19-67 


Tame  of  Test  -  Horn  s  168.9  17l*.2  179.4  184.4  189.41  194.W  199.M203.8 


Vibration  Amp.  at  Flywheel  Inboard  13.6  10.7  9.7  10.3  12.0  11.6  |  11.5 1  H.O 

Bearings  -  g's _ Outboard  8.5  7.8  7.8  7.8  7.8  7.8 


(1)  Flywheel  Speed  at  Full  Motoring  -  RFM 

(2)  Minimum  Speed  Attain  Under  Load  -  RFM 


Total  No.  of  Simulated  Aircraft  Flights 

1331 

34  1 

35  j 

36 

37 

38 

39 

Total  No.  of  Basic  Duty  Cycle  Repetitions 

B2SE39 

1680 

1728 

1776 

1824 

1872 

122 


TEMPERATURE  DATA  -  DEG.  F 


Teat  Pump  Inlet 


Test  Pump  Return 


Test  Pump  Case  Drain 


Main  Hyd.  Reservoir  Supply 


Lube  Oil  Return 


Lube  Oil  Suction 


Scavenge  Oil  Return 


Gear  Box  Bearing  Adjacent  Pump 


Gear  Box  Bearing  Adjacent  Flywheel 


Inboard  Flywheel  Bearing 


Outboard  Flywheel  Bearing 


Flywheel  Case  Housi 


SYSTEM  PRESSURE  DATA  -  PSIG 


Outboard  Flywheel  Bearing 


Inboard  Flywheel  Bearing 


Lube  Pump  Pressure  Port 


Lube  Reservoir 


Hyd  Supply  Pump  Press.  Port 


Test  Motor  Press.  Port  (Motoring 


Test  Rotor  Return  Port  (Motoring) 


Test  Pump  Press.  Range  (Pumping) 


Test  Pump  Suction  Press.  (Pumping) 


Test  Motor  -  Pump  Case  Drain 


Prassure  at  Flywheel  Tip  ..  CM  Hg  Ab. 


FLUID  FLOW  DATA  -  GPM 


Inlet  Flow  to  Meter 


Motor-Pump  Case  Ifcaln  /low 


A.P.U.  Flow  Rate 


Combined  A.P.U.  It  Test  Pump  Flow  (Max 


Test  Pump  Flow  Rate  -  Range 


Inboard  Boaring  Luba  Flow  -  cc/ain 


m 

a 

N 

ESI 

m 

391 


m 

p 

m 

m 

pi 

Si 

ii 


m 

El! 

i 

m 

m 


102  no  115 


105  I  no  U5 


160  160  155 


92  I  92  I  90 


90 


122 


180  168 


165  140 


145  155  140 


106  1 140  |  130 


112  100  101 


n3  100  102 


157  155  156 


91  90  74 


165  170  157 


89  95  95 


125  140  118 


168  190  169 


168  190  169 


140  170  151 


140  170  145 


132  165  129 


56  |  57  I  56  |  56  |  57  |  56 


3400  |  3400 1  3400 1  34001  3400|3400 


3375  1  3375  1  3380  3375  3375  3375 


120 1  no  |  no  |  no  I  1201  120 


16.0  16.0 1  16.0 


0.60  0.60 


23 


36.0|35.9  |  35.9 135.8  |35-9  |35.9 


0-13  0-12. 


465  760  I  750  |  750I  800 


485  |  830  |  800  800  820 


*  2nd  start  of  flywheol  mb-statlon  lb.  1  after  replacement  of  bearings  and  seals. 


113 


Table  XVIII  (Continued) 
CONTINUOUS  DITTY  CYCLE  TEST  DATA 


SUMMARY  DATA  SHEET  NO: 


8-8-67 


*  WOVE:  Mta.  speed  during  "attach"  1:9,500  HPM.  Recovered  to  51,500  between  cycles 
with  52,400  aax.  regulated  speed  after  "attack". 


Table  XVIII  (Continued) 
CONTINUOUS  DUfY  CYCLE  TEST  DATA 


SUt-MARl  DATA  SHEET  NO:  l6  *  MTE: - 2^1 


10.0  615.1 


Vibration  Amp.  at  Flywheel  Inboard 

Bearings  -  g's  CXi  t  board  j  6.$\  6.5I  6-5 


(1)  Flywheel  Speed  at  Full  Motoring  -  RfW  52000  52000  52000  52000 

(2)  Mint —mi  Speed  Attain  Under  Load  -  RPM  1*9000  1*9000  1*9000  1*9000 


Total  No.  of  Simulated  Aircraft  Flights  T  loll  122 1  1231  12**  I  12 


Total  No.  of  Basic  Duty  Cycle  Repetitions!  5908  |  5956 1  6od*  |  6052 1  6l00|  6l4 


8-29-67 


SI 


TEMPERATURE  DATA  -  DEG.  F 


Test  Pump  Inlet 


Teat  Pump  Return 


El 

Test  Pump  Casa  Drain 

160 

160 

11*8 

HSUSSi 

1»* 

Ol 

Main  Hyd.  Reservoir  Supply 

100 

8 

9 

82 

!  90| 

8 

H 

E 

P 

9 

91 

cai 

m\ 

9i 

pi 

pi 

pi 

pi 

pi 

pi 

pi 


11 

m 

31 

31 

31 

31 

□I 

□I 

31 


Lube  Oil  Return 


Lube  Oil  Suction 


Scavenge  Oil  Return 


Gear  Box  Bearing  Adjacent  Pump 


Gear  Box  Bearing  Adjacent  Flywheel 


Inboard  Flywheel  Bearing 


Outboard  Flywheel  Bearing 


SISTEM  PRESSURE  DATA  -  PSIG 


Outboard  Flywheel  Bearing 


Inboard  Flywheel  Bearing 


Lube  Pump  Pressure  Fort 


Lube  Reservoir 


Ryd  Supply  Pump  Press.  Port 


Test  Motor  Press.  Port  (Motoring) 


Test  Motor  Return  Port  (Motoring) 


Test  Pump  Presc.  Range  (Pumping) 


Test  Pump  Suction  Press.  (Ptaping) 


Case  Drain 


Pressure  at  Flywheel  Tip  -  CM  Rg  Ab. 


FLUID  FLOW  DATA  -  GPH 


Inlet  Flow  to  Meter 


Motor-Pump  Case  Drain  Flow 


A.P.U.  Flow  Bate 


Combined  A.P. 


Test  Pop  Flow  Bate  -  Range 


Outboard  Bearing  Lube  Flow  -  cc 


Inboard  Bearing  Lube  Flow  -  co/mi n 


Esxzxzazsizs 


e  Changed  MZL-L-7808  Lube  Oil  at  6l%  hours  of  testing.  This  improved  system 
vacuum*  from  3-3  cm.  mb.  to  2.1  am.  ab. 
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Table  XVIII  (Continued) 
CONTINUOUS  DUTY  CYCLE  TEST  DATA 


Inboard 

■23ES3E2IESII 

8.5 

lEsai 

Outboard 

ran 

5.8 

IBSIRIEfll 

Vibration  Amp.  at  Flywheel 
Bearings  -  g's 


(1)  Flywheel  Speed  at  Full  Motoring  -  RfMp2, 10Cp2,000 

(2)  Minimum  Speed  Attain  Under  Load  -  RFMp8»500|48,5QD 


Total  No.  of  Simulated  Aircraft  Flights  j  225  |  226  |  227  |  226  |  229  |  230  |  231  |  23 2 


Total  No.  of  Basic  Duty  Cycle  Repetitions 


I  ■  w«:» 


TEMPERATURE  DATA  -  DBG.  F 


Test  Pump  Inlet 


Test  Pump  Return 


Test  Pump  Case  Drain 


Main  Hyd.  Reservoir  Supply 


Lube  Oil  Return 


Lube  Oil  Suction 


Scavenge  Oil  Return 


Gear  Box  Bearing  Adjacent  Pump 


Gear  Box  Bearing  Adjacent  Flywheel 


Inboard  Flywheel  Bearing 


Outboard  Flywheel  Bearing 


Flywheel  Case  Housin 


SYSTEM  PRESSURE  DATA  -  PSIG 


Outboard  Flywheel  Bearing 


Inboard  Flywheel  Bearing 


Lube  Pump  Pressure  Port 


Lube  Reservoir 


Hyd  Supply  Pump  Press.  Port 


Test  Motor  Press.  Port  (Motoring) 


Test  Motor  Return  Port  (Motoring) 


Teet  Pump  Presr.  Range  (Pumping) 


Test  Pump  Suction  Press.  (Pumping) 


Test  Motor  -  Pump  Case  Drain 


Pressure  at  Flywheel  Tip  CM  Hg  Ab. 


100  100 


100  100  93 


142  146  046 


80  62  83 


163  160  158 


126  1 130  026 


172  180  D85 


172  160 


161  160  159 


152  152  050 


106  102  hoo 


3*»  I  3**  35 


56  57  58 


H31 

Inlet  Flow  to  Meter 

16.1 

16,1 

16.1 

ml 

Motor-Pump  Case  Drain  Flow 

0.72 

0.75 

0.75 

b6| 

A.P.U.  Flow  Rate 

23 

23 

23 

m\ 

m 

Combined  A.P.U.  A  Teat  Pump  Flow  (Max 
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36.1 

36.1 

Taat  Pump  Flow  Rate  -  Range 

29 

Outboard  Bearing  Luba  Flow  -  cc/min 

770 

790 

810 

30 

Inboard  Bearing  Lube  Flow  -  cc/min 

Egg 

670 

6?0 

•Changed  KIL-L-7&C8  lube  oil  at  1139.0  hours  of  testing.  This  improved  system 
vacuum  from  3«°  cm*  ab.  to  2.0  cm.  ab. 


3350  3350  D350 


3300  3300  h300 
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Table  XVIII  (Concluded) 
CONTINUOUS  DUTY  CYCLE  TEST  DATA 


SU-WARi  DATA  SHEET  NO: 


DATE:  11-16-67 


Ru. mi. u  Time  oi'  Teat  -  Hoiys  _ 


Vibration  A*p.  at  Flywheel  Inboard 

Bearings  -  g'a  Outboard 


(1)  Flywheel  Speed  at  Full  Motoring  -  RFM 

(2)  Minimum  Speed  Attain  Under  Load  -  RFM 


Total  No.  of  Simulated  Aircraft  Flights 


Total  No.  of  Basic  Duty  Cycle  Repetitions  |l 4256  |l4304 
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1 

ii 

ii 
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|58l 

fell 

ii 
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ii 

pi 
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TEMPERATURE  DATA  -  DEG.  F 


Test  Pump  Inlet  94  92 


Test  Pump  Return  94  90 


Test  Pump  Case  Drain  138  130 


Main  Hyd.  Reservoir  Supply  96  90 


Lube  Oil  Return  155  145 


Lube  Oil  Suction  80  I  80 


Scavenge  Oil  Return  I  120  120 


Gear  Box  Bearing  Adjacent  Pump  1  16O  Il60 


Gear  Box  Bearing  Adjacent  Flywheel  165  165 


Inboard  Flywheel  Bearing  158  160 


Outboard  Flywheel  Bearing  145  | 140 


Flywheel  Case  Housing  132  130 


SYSTEM  PRESSURE  DATA  -  PSIG 


Outboard  Flywheel  Bearing 


Inboard  Flywheel  Bearing 


Lube  Pump  Pressure  Port 


Lube  Reservoir 


Hyd  Supply  Pump  Press.  Port 


Test  Motor  Press.  Port  (Motoring) 


Test  Motor  Return  Port  (Motoring) 


Test  Pump  Press.  Range  (Flumping) 


Test  Pump  Suction  Press.  (Pumping) 


Test  Motor  -  Pump  Case  Drain 


Pressure  at  Flywheel  Tip  ••  CM  Hg  Ab. 


FLUID  FLOW  DATA  -  GPM 


Inlet  Flow  to  Meter  16.6  Il6.6 


Motor-Pump  Case  Drain  Flow  10.75  I0.70 


.  Flow  Rate 


Combined  A.P.U.  4  Test  Pump  Flow  {Max]35>9  35.9 


Test  Pump  Flow  Rate  -  Range 


Outboard  Bearing  Lube  Flow  -  cc/nin  Qjg  I  626 


Inboard  Bearing  Lube  Flow  -  cc/aln  |  680  [  880 


95  100 


95  100 


138  140 


85  95 


142  125 


85  90 


1126  125 


172  155 


176  170 


160  160 


148  150 


140  125 


36 

36 

36 

36 

56 

55 

3350  3350  3350  I  3350 


16.6 

16.6 

ES9ES9 

E1E1 

35.8 

35.9 

S2S; 

0-12.S 

826 

626 

680 

680 

TEMPERA 


Figure  48.  Average  Substation  Temperature 
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PRESSURE 


Figure  49.  Flywheel  Absolute  Pressure 
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All  gear  tooth  faces  were  in  perfect  condition  as  well  as  all  of  the  hear¬ 
ings.  The  only  parts  replaced  in  the  gearbox  upon  reassembly  consisted  of 
replacing  the  seals  as  a  precautionary  measure.  There  was  some  sign  of 
fretting  corrosion  at  the  gearbox  end  of  the  flywheel  to  gearbox  quill  shaft. 
However,  there  was  no  explanation  for  the  peculiar  contaminant. 

The  flywheel  was  then  disassembled  for  lack  of  other  failure  evidence. 
The  source  of  the  peculiar  contaminant  became  readily  apparent  when  several 
drops  of  mercury  were  found  in  the  flywheel  housing.  It  is  believed  that 
mercury  came  from  the  manometer  used  to  measure  absolute  vacuum. 

Tlie  carbon  seal  faces  were  worn,  one  more  badly  than  the  other.  The 
mating  ring  which  was  paired  with  the  more  seriously  worn  seal  had  a  radial 
scratch  across  the  sealing  area.  The  scratch  probably  occurred  during  assem¬ 
bly.  It  caused  scoring  of  the  carbon  seal  face  and  led  to  the  early  leakage 
failure. 

The  tip  of  the  flywheel  was  discolored  from  heat  and  it  is  estimated 
that  a  temperature  in  excess  of  600°  F  was  reached.  A  surface  hardness 
test  indicated  that  the  tensile  strength  dropped  from  260  to  210  ksi 
for  the  outer  1/2- inch  of  the  periphery.  (This  was  not  considered  to  inqsair 
the  strength  of  the  flywheel,  since  the  outer  edge  has  about  a  20  percent 
lesser  stress  than  the  center  of  the  flywheel.) 

In  addition,  but  not  related  to  the  above,  a  flywheel  support  bearing 
was  found  to  have  a  cracked  separator  ring. 

Microscopic  examination  of  the  patch  taken  from  the  lubricating  oil 
later  disclosed  that  the  metallic  particles  were  about  90  percent  mercury. 

A  complete  replacement  of  the  lubrication  oil  was  made  as  well  as  the 
washing  and  flushing  of  all  tubes,  components,  and  passages  which  had  con¬ 
tact  with  the  oil.  A  separate  recirculating  filter  system  was  also  con¬ 
nected  to  the  oil  reservoir,  and  was  operated  on  a  continuous  24-hour-a-day 
basis. 

In  the  interim,  while  the  Number  1  energy  storage  substation  was  being 
refurbished,  the  Nunber  2  substation  was  installed  on  the  simulator.  It 
operated  satisfactorily  for  48.9  hours  except  in  one  respect.  The  vacuum 
would  fluctuate  between  two  relatively  fixed  levels  (i.e.,  5.2  and  2.8 
centimeters  of  mercury  absolute).  During  flight  number  35,  a  runaway  tem¬ 
perature  condition  was  detected  at  the  flywheel  housing,  that  resembled  the 
condition  noted  during  flight  nunber  26  except  of  lesser  magnitude. 

Testing  of  the  Nunber  2  substation  was  stopped  and  investigation  of  the 
condition  revealed  that  failure  of  the  rotary  seals  had  allowed  oil  to 
enter  the  housing.  There  was  no  discoloration  of  the  flywheel.  It  is 
believed  that  this  failure  and  the  previous  one  were  identical  except  for 
the  fact  that,  in  the  first  case,  mercury  had  been  allowed  to  accumulate 
and  was  subsequently  drawn  into  the  housing,  from  the  vacuum  instrumenta¬ 
tion  line.  Jt  was  felt  that  the  600#  F  tip  temperature  resulted  solely  from 
the  presence  of  mercury  with  its  high  density  and  associated  high  drag 
losses  and  that  these  temperatures  will  not  be  reached  in  the  presence  of 
oil. 
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Refurbishment  of  this  flywheel  revealed  that  the  sealing  faces  of  both 
seals  were  in  generally  satisfactory  condition.  However,  one  of  the  dynamic 
seals  was  noted  to  have  lost  much  of  its  ability  to  return  the  carbon  face 
to  an  extended  position  upon  being  depressed  slightly  beyond  the  installed 
position.  TWo  possible  causes  were  investigated:  one  was  an  improper 
installation  procedure  wherein  the  spring  was  overstressed;  the  other 
was  a  degradation  of  the  O-ring  seal  by  swelling.  Investigation  revealed 
the  probabilities  were  that  the  seal  housing  had  been  deformed  axially  during 
assembly  and  the  seal  spring  overstressed.  In  any  event  the  "sticky"  action 
of  the  seal  was  believed  to  be  the  cause  for  the  erratic  performance  of  the 
vacuum  system. 

A  change  was  incorporated  in  the  vacuum  instrumentation  wherein  the 
test  was  continuously  monitored  by  a  Bourdon- type  vacuum  gage.  The  mercury 
col  urn  manometer  was  used  momentarily  only  once  per  flight  to  obtain  an 
accurate  reading.  This  was  done  to  avoid  a  repetition  of  the  mercury 
filling  incident. 

From  the  time  of  the  reinstallation  of  energy  storage  substation 
Nunber  1,  at  174.2  hours  of  total  test  time,  the  siwlator  operated  satis¬ 
factorily.  However,  during  one  of  the  shutdown  periods  the  various  heat 
exchangers  for  the  oil  systems  were  cleaned  and  flushed.  This  resulted 
in  a  considerable  improvement  in  their  efficiency,  and  the  energy  storage 
substation  operated  at  generally  lower  temperatures  from  that  time  cn. 

During  the  course  of  operating,  it  was  noted  that  the  vacuum  created  in 
the  flywheel  case  slowly  degraded.  Absolute  pressure  readings  when  energy 
storage  substation  Number  1  was  rebuilt  and  reinstalled  at  174.2  hours 
were  around  2.5  centimeters  of  mercury.  At  614  hours  of  operation  pres¬ 
sure  readings  had  gradually  increased  to  3.1  centimeters  of  mercury. 

It  was  discovered,  upon  making  a  routine  replacement  of  the  MIL-L-7808 
lubricating  oil,  that  the  vacuum  returned  to  its  original  condition.  It  is 
reasoned  from  these  observations  that  the  improvement  was  brought  about  by 
the  effect  of  increased  viscosity  of  the  new  oil  and  its  effect  upon  the 
sealing  characteristics  of  the  vacuum  pump  gear  teeth  as  well  as  the  rotary 
shaft  seals.  The  gradual  degradation  in  vacuum  level  and  its  sharp  recovery 
upon  changing  oil  can  be  seen  in  table  Will,  sheets  5,  10,  and  16,  as  well 
as  in  figure  49. 

During  the  repeated  duty  cycles  representing  peak  energy  extraction, 
the  flywheel  speed  was  reduced  only  8  percent,  and  it  recovered  to  thresh¬ 
old  regulated  speed  in  only  3  seconds.  The  flywheel  weighed  15  pounds; 
however,  from  the  above  values  it  is  easily  recognized  that  the  optimum 
flywheel  would  have  been  considerably  smaller  and  lighter  with  a  larger 
(10  to  15  percent)  speed  reduction.  Conversely,  maintaining  the  same  weight 
and  size,  this  flywheel  would  be  capable  of  meeting  a  larger  percentage  of 
the  peak  power  demand,  thus  making  possible  further  reductions  in  the  basic 
power  generation  and  distribution  system.  The  system  as  tested  met  one 
third  of  the  peak  power  demand.  With  a  somewhat  larger  motor-pun?  and 
greater  (*15  percent)  speed  reduction  it  could  supply  one  half  of  the 
peak  power  demand. 
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The  total  test  inposed  maximum  operational  times  on  components  as 
follows : 


Flywheel  *1,576.6 
Gearbox  *1,596.6 
Motor>punp  1,523.6 
Rotary  carbon  seals  (52,000  rpm)  1,339.9 
Flywheel  support  bearings  1,339.9 


•Including  tilt  table  test  time  and  various  checkout  operations 
D.  DISASSEMBLY  AND  INSPECTION 

Following  completion  of  the  endurance  test  (1,514.1  1  lours  of  operation) 
the  energy  storage  substation  was  disassembled  (see  figure  50)  and  inspected. 
Hie  condition  of  the  components  parts  was  found  to  be  as  follows: 

FLYWHEEL  HOUSING 

Hie  flywheel  housing  was  in  excellent  condition.  However,  it  contained 
very  minute  traces  of  mercury  which  was  believed  to  have  originated  from  the 
absolute  pressure  manometer  used  to  obtain  accurate  flywheel  evacuated  atmos¬ 
pheric  pressure  data  mice  during  each  5-hour  flight.  (A  bourdon  tube  pres¬ 
sure  gage  was  used  for  continuous  monitoring  of  the  test.)  In  addition  to 
the  mercury,  a  small  amount  of  black  carbon  paste,  believed  to  have  been  worn 
from  the  rotary  seals  was  evident  near  the  seal  on  one  side  only.  Hie  fly¬ 
wheel  cavity  was  otherwise  clean  and  free  of  all  foreign  material.  It  would 
appear  that  the  minute  oil  leakage  past  the  carbon  seal  faces  had  a  washing 
action  and  had  carried  residue  into  the  vacuum  pump.  A  photograph  of  the 
disassembled  flywheel  housing  is  shown  in  figure  51. 

FLYWHEEL 

Tlie  flywheel  was  blackened  with  oxidized  lubricant  residue.  This 
coating  was  sufficiently  tough  that  removal  by  abrasive  nibbing  was  required 
to  inspect  the  parent  surface  of  the  metal.  The  metal  surface  underneath  had 
its  original  heat  treatment  oxide  coating  except  for  the  outer  1-1/2  indies  . 
of  periphery.  The  outermost  1/2  inch  was  blue  and  the  next  inward  1/2  inch 
was  purple.  From  1  inch  irward  the  color  faded  from  dark  straw  to  the  orig¬ 
inal  cxi lor  when  manufactured. 

A  hardness  check  indicated  that  the  tensile  strength  was  unchanged  since 
the  mercury  filling  episode  which  occurred  at  125.3  hours.  Figure  52  shows 
the  flywheel  and  the  abrasively- cleaned  strip. 

The  before  and  after  measurements  of  the  outer  diameter  were  not 
recorded  for  comparison;  however,  from  the  fit  of  the  wheel  in  the  housing, 
no  detectable  change  was  observed.  It  is  believed  that  no  growth  had 
occurred,  since  the  balance  of  the  wheel  had  not  displayed  any  change  as  of 
the  end  of  the  endurance  test. 
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Figure  SO.  Continuous  Duty  Endurance  Test  Flywheel  Assembly 


Figure  51.  Closeup  of  Flywheel  Housing 
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Figure  52.  Flywheel  Alter  Continuous  Duty  Cycle  Endurance  Test 


CARBON  SEALS 

Tie  rotary  carbon  fare  seals  and  mating  rings  were  found  to  be  in  func- 
tiani’ig  condition.  The  spring  load  of  the  carbon  ring  against  the  mating 
ring  sealing  face  had  not  degraded  and  no  appreciable  amount  of  material 
appeared  to  have  been  worn  from  either  part.  The  mating  ring  had  solid  resi¬ 
due,  consisting  of  oxidized  lubricant,  varnished  to  its  outer  edge  and  on 
part  of  the  sealing  face.  No  part  of  either  mating  ring,  however,  displayed 
surface  discoloration  from  metal  oxidation.  Figure  53  shows  the  sealing 
faces  of  both  mating  rings.  The  varnished  lubricant  can  be  seen  coating  the 
OD  surfaces  (lubricant  side)  and  the  scored  grooves  can  be  seen  Where  die 
carbon  seal  rode.  Inside  of  this,  an  the  evacuated  side,  is  a  windrow  of 
carbonized  lubricant. 

Although  the  localized  temperature  at  the  point  of  contact  between  the 
two  parts  was  sufficient  to  decompose  some  of  the  lubricant,  temperatures 
generally  remained  below  that  which  would  be  necessary  to  damage  elastomeric 
seals. 


The  parts  (mating  ring  and  carbon  seal)  were  cleaned  and  inspected  for 
surface  finish  an  a  prof i lometer.  The  surface  condition  was  as  follows: 


Surface  Finish  Groove  Depth 


Inboard  mating  ring 
Inboard  shaft  seal 
Outboard  mating  ring 
Outboard  shaft  seal 


20  to  50  Rte 
20  to  80  RMS 
20  to  90  RMS 
15  to  90  RMS 


.0005  indi 
.0005  inch 
.0006  inch 
.0008  inch 


This  roughened  surface  is  believed  to  have  been  brought  about  by  foreign 
particles,  including  metallic  chips  and  other  miscellaneous  abrasives,  which 
were  introduced  into  the  lubrication  system  at  the  time  of  initial  assembly 
and/or  generated  during  operation. 

Apparently  the  contamination  particles  worked  their  way  across  the  seal¬ 
ing  faces  and  initiated  the  circular  score  marks.  However,  due  to  the  abil¬ 
ity  of  the  carbon  to  conform  to  the  convolutions  in  the  mating  ring  face, 
leakage  characteristics  were  not  seriously  affected.  The  carbon  sealing  ring 
is  shown  in  figure  54. 

SPLINED  QUILL  SHAFT 

The  quill  shaft,  which  interconnects  the  flywheel  and  the  gearbox  pin¬ 
ion,  was  designed  as  a  symmetrical  part.  The  end  which  inserts  into  the 
flywheel  engaged  the  full  length  of  the  mating  spline.  However,  the  opposite 
end,  which  inserts  into  the  gearbox  pinion,  engaged  only  about  80  percent 
of  its  spline  length  due  to  the  configuration  of  the  mating  part. 


No  wear  was  apparent  on  the  fully  engaged  spline.  However,  wear  on 
the  other  end  had  removed  approximately  50  percent  of  the  teeth  cross  sec 
lions.  The  female  mating  part  (i.e.,  the  gearbox  pinion)  displayed  about 
an  equal  amount  of  wear.  A  brown  paste  wear  particle  residue  typical  of 
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Figure  53.  Flywheel  Seal  Mating  Rings  (Relapped  Prior  to  1339.9  Hr  Run) 


"fretting  corrosion"  had  built  up  around  the  areas  of  contact.  It  is  esti¬ 
mated  that  over  70  percent  of  the  spline  life  had  been  used  up  by  the  test. 
Both  the  worn  and  inwom  ends  of  the  quill  shaft  can  be  seen  in  figure  55. 

BEARINGS 

The  flywheel  bearings  appeared  to  be  in  excellent  condition.  The  balls 
retained  their  polished  brightness.  The  ball  pockets  in  the  retainer  showed 
no  signs  of  elongation  or  distress.  There  was  no  sign  of  overheating  and  to 
all  appearances,  the  lubrication  system  had  performed  well.  There  were  some 
scratches  and  scuff  marks  on  the  balls  and  the  bearings  were  noticeably 
rougher  than  when  originally  installed.  A  photograph  of  both  inboard  and 
outboard  bearings  is  shown  as  figure  56. 

GEARBOX 

Before  disassembly,  examination  of  the  gearbox  showed  that  all  parts 
were  functioning  freely.  The  gearbox  could  be  hand  rotated  with  noticeably 
less  drag  than  before  the  start  of  the  test,  and  there  was  no  audible  sound. 
The  unidirectional  brake  (overrunning  clutch)  was  also  functioning  properly. 

Disassembly  revealed  all  internal  parts  to  be  clean,  and  there  were  no 
visual  signs  of  extraordinary  wear  except  at  the  service  pimp  group  driving 
shaft.  The  service  pimp  group  is  driven  at  motor-pimp  speed  by  a  shaft  which 
uses  a  rectangular  key  in  a  slot  as  a  driven  spline.  The  driving  sides  of 
the  slot  were  worn  to  a  30-degree  slope.  The  driven  key  was  worn  in  a  cor¬ 
responding  manner  until  about  one  half  of  the  thickness  was  worn  through  at 
the  outer  edge.  However,  shearout  would  probably  not  have  occurred  for 
several  thousand  hours.  The  worn  key  and  slot  is  shown  in  figure  57. 

The  completely  disassembled  gearbox  and  service  punp  group  is  shown  in 
figure  58.  It  can  be  seen  that  the  general  appearance  of  all  parts  ranges 
from  fair  to  excellent  after  1,576.6  hours  of  operation.  A  closer  view  of 
the  gears  and  their  associated  bearings,  as  they  would  appear  looking  from 
the  motor-pimp  side  with  half  of  the  housing  removed,  is  shown  in  figure  59. 

A  corresponding  view,  looking  from  the  other  direction,  is  shown  in  figure 
60. 


The  motor-pimp  side  via*  of  figure  59  shows  that,  in  spite  of  the  gen¬ 
eral  excellent  appearance,  certain  areas  are  starting  to  show  signs  of  dis¬ 
tress.  These  are  the  motor-pump  input  spline  area  and  the  high  speed  pinion 
support  bearings.  Both  of  these  show  signs  of  overheating. 

A  closeup  of  the  motor-pump  input  spline  area  is  shown  in  figure  61. 

It  can  be  seen  that  the  shaft  seal  has  started  to  score  the  shaft  and  that 
the  spline  area  has  been  overheated.  The  overheating  probably  occurred  from 
the  combined  effects  of  seal  heat  generation,  spline  heat  generation,  and 
lack  of  sufficient  lubricant  flow  in  this  area  to  carry  the  heat  away. 

Figure  62  is  a  magnified  view  of  the  high  speed  pinion  and  one  of  its 
support  bearings.  It  can  be  seen  that  most  of  the  silverplating  is  missing 
from  the  ball  retainer  and  that  both  the  balls  and  the  retainer  are  darkened. 
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Figure  56.  Inboard  and  Outboard  Flywheel  Bearings 


132 


Figure  57.  Service  Pump  Group  Drive  Wear 
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Figure  58.  Gearbox  and  Service  Pump  Group  Disassembled 
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Figure  59.  View  of  Gearbox  Half  From  Motor  Pump  Side 
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Figure  60.  View  of  Gearbox  Half  From  Flywheel  Side 


Figure  61.  Gearbox  Spline  -  Input  From  Motor  Pump 
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Figure  62.  Pinion  Gear  and  Support  Bearing 


Although  it  cannot  be  seen  in  this  photograph,  the  balls  were  straw-colored 
and  the  ball  retainer  was  tlued.  This  was  true  of  both  bearings.  In  con¬ 
trast  to  this,  the  pinion  gear  was  in  excellent  condition. 

Figure  63  conpares  the  pinion  support  bearing  to  an  identical  flywheel 
bearing  which  operated  adjacent  to  it  in  the  flywheel  housing  at  the  same 
speed.  The  contrast,  resulting  from  heating  of  the  pinion  support  bearing, 
is  apparent.  In  most  respects  the  operating  conditions  for  the  flywheel 
bearing  ■were  more  severe;  however,  the  flywheel  bearing  was  jet  lubricated 
whereas  the  pinion  support  bearings  were  mist  lubricated.  From  this  it  is 
apparent  that  jet  lubrication  for  this  type  bearing,  operating  under  these 
conditions,  is  much  to  be  preferred. 

It  has  already  been  pointed  out  that  the  high  speed  pinion  teeth  were 
in  excellent  condition.  However,  both  of  the  larger  gears  showed  signs  of 
distress.  Figure  64  is  a  closeup  of  the  hydraulic  motor- punp- driven  gear's 
teeth.  The  appearance  of  slight  spalling  can  be  seen  on  the  flank  of  one  of 
the  teeth  slightly  below  the  center  of  the  picture.  Figure  65  is  a  magnified 
view  of  this  particular  tooth  and  shows  that  the  spalling  is  quite  wide¬ 
spread.  Although  a  tooth  profile  reading  was  not  taken,  it  is  believed  that 
the  spall  depth  did  not  exceed  .0004  inch. 

All  three  W.  H.  Nichols  Ge rotor  pumps  in  the  service  pump  group  were  in 
excellent  condition.  Hie  dis assent  led  vacuum  punp,  lube  pump,  and  scavenge 
pump  are  shown  in  that  order  in  figures  66,  67,  and  68,  respectively. 

Visual  teardown  inspection  of  the  New  York  Airbrake  motor-pump  revealed 
that  the  unit  was  in  excellent  condition  considering  the  1,523.6  hours  of 
operation  under  a  cyclic  pimp-motor  duty  cycle.  The  disassenbled  unit  is 
shown  in  figure  69.  The  following  wear  conditions  were  noted: 

1.  Upon  disassenfcly  the  needle  bearings  used  in  the  wobble  plate 
trunnion  were  not  retained  and  fell  out.  The  trunnion  exhibited 
sane  marking  from  the  needle  bearings.  The  needle  bearing  reten¬ 
tion  mechanism  was  missing. 

2.  Normal  valve  plate  wear,  with  sene  cavitation  erosion  adjacent  to 
the  kidney  porting  V-notch?  was  evident  (see  figure  70) .  Valve 
plate  wear  an  the  mating  piston  barrel  consisted  of  circumferen¬ 
tial  grooving  of  the  running  surfaces  (see  figure  71). 

3.  Slight  localized  erosion  of  the  slipper  (wobble)  plate  at  two 
points  180  degrees  from  each  other  were  noted  (see  figure  72) . 

The  shape  of  this  erosion  could  be  matched  with  the  outline  of 
the  piston  slipper  shoes.  An  enlarged  view  of  the  most  apparent 
erosion  is  shown  in  figure  73. 

4.  The  mode  change  mechanism  exhibited  some  abrasive  wear  at  the  ball 
joint  which  mates  with  the  wobble'll  ate.  The  nature  of  the  wear 
is  shown  in  figure  74. 
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Figure  63.  Comparison  of  High  Speed  Support:  Bearings 


Figure  64.  Closeup  of  Motor-Pimp  Driven  Gear 
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Figure  65.  Motor-Punp  Driven  Gear  Tooth  Magnified 
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Figure  66.  Gerotor  Vacuum  Pump 
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Figure  67.  Gerotor  Lube 
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Figure  68.  Gerotor  Scavenge 


Figure  70.  Motor-Pump  Kidney  Port  Wear 
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Figure  72.  Motor-Pump  Wobble  Plate 
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Figure  73.  Closeup  of  Wobble  Plate  Erosion 


Figure  74.  Motor-Pimp  Control  Actuator  Ball  Joint 
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5.  Erosion  was  noted  at  the  outer  dimeter  of  the  piston  slipper 
shoes.  This  is  shown  in  figure  75  and  the  enlarged  view  of 
figure  76. 

6.  The  control  valve  shift  spool  was  badly  eroded  an  the  large 
diaaeter  of  the  spool.  The  severity  of  this  is  shown  in 
figure  77. 

7.  The  punp  control  actuator  piston  ball  joints  were  found  to 
have  greater  than  noraal  freeplay. 

The  excessive  erosion  found  an  the  shift  spool  and  the  outer  dimeter  of 
the  piston  slipper  shoes  account  for  the  cantaadnant  found  in  the  filters  an 
initial  tuns  of  this  motor-pump  assert) ly.  Increased  case  pressure  at  this 
time  resulted  in  elimination  of  pump- generated  contaminant.  There  was  no 
pump-generated  contaminant  fbind  after  the  increase  of  case  pressure,  indi¬ 
cating  that  the  erosion  process  had  been  stopped. 
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Figure  75.  Motor-Pump  Piston  Slippers 
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Figure  76.  Enlarged  View  of  Slipper  Erosion 


Figure  77  Motor-Pump  Shift  Spool  Erosion 


Section  VI 


PROGRAM  SUMMARY  AND  CONCLUSIONS 


Of  the  four  basic  demonstrations  which  constituted  this  program,  two 
were  very  sucessful  and  the  other  two  indicated  that  additional  work  should 
be  done.  The  demonstrations  conducted  on  the  hydraulic  version  of  the  inter- 
mittent  duty  cycle  simulator  and  the  continuous  duty  cycle  simulator  were 
very  sucessful.  The  former  completed  10,000  landing  gear  cycles  without  an 
incident  directly  chargeable  to  the  substation.  The  latter  completed  1,500 
hours  on  a  typical  flight  control  duty  cycle  and  probably  could  have  com¬ 
pleted  an  additional  500  hours. 

The  tilt  table  test  demonstration  and  the  demonstration  conducted  on  the 
mechanical  version  of  the  intermittent  duty  cycle  simulator  were  less  suc¬ 
cessful.  The  foimer  was  targeted  at  demonstrating  the  equivalent  of  3,000 
hours  of  life  for  the  flywheel  bearings  when  subject  to  the  processional 
loads  incident  to  operation  in  three  types  of  aircraft.  The  test  demon¬ 
strated  that  the  commercial  "J"-type  bearings  used  for  this  test  were  good 
for  the  equivalent  of  750  to  1,000  hours  of  operation  when  used  in  aircraft 
similar  to  the  XB-70.  The  test  also  demonstrated  that  when  selectively 
located  (i.e.,  flywheel  axis  of  rotation  parallel  to  fuselage  centerline  so 
that  roll  maneuvers  do  not  generate  precession  loads)  the  bearings  were  good 
for  750  to  1,000  hours  in  more  maneuverable  aircraft.  The  latter  test  com¬ 
pleted  only  17  percent  of  the  10,000-cycle  goal  because  the  components  avail¬ 
able  for  the  test  were  misconfigured  for  the  application. 

As  a  result  of  these  tests  numerous  conclusions  have  been  drawn.  A 
number  of  these  conclusions,  dealing  with  a  specific  demonstration,  have 
already  been  discussed  at  the  end  of  the  section  covering  that  particular 
demonstration.  Some  of  the  more  important  of  these  will  be  repeated  here. 
However,  in  general,  the  conclusions  discussed  in  this  section  will  cover 
those  drawn  from  the  continuous  duty  cycle  tests  and  those  drawn  from  the 
overall  program.  These  conclusions  are  as  follows: 

1.  Energy  storage  substations  can  he  designed  and  fabricated  to 
supply  performance  and  weight  saving  improvements  in  excess  of 
those  which  were  established  by  analysis  in  the  Phase  I  program 
(Report  No,  AFAPL-TR-66-29) . 

2.  The  high  speed  energy  storage  flywheel  is  compatible  with  the 
normal  space,  weight,  reliability,  service  life,  and  maintain¬ 
ability  requirements,  as  well  as  most  of  the  environmental  con¬ 
ditions  which  will  be  encountered  in  present-day  and  near-future 
aircraft. 

3.  The  energy  storage  substation,  which  is  inherently  a  source  of 
mechanical  shaft  power,  can  be  successfully  coupled  to  a  mechan¬ 
ical  actuator.  This  approach  is  potentially  the  best  method  for 
utilizing  the  substation’s  full  capability  for  both  "intermittent" 
and  "continuous"- type  applications.  However,  before  this  full 
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capability  can  be  realized,  additional  work  must  be  done  on 
mechanical  couplings  and  particularly  on  the  mechanical  servo 
needed  for  continuous  duty- cycle- type  anlications. 

4.  Charging  and  discharging  a  flywheel  energy  storage  device  lias 
l>een  demonstrated  to  be  practical  using  hydraulic  means. 

5.  The  speed  range  of  the  flywheel  and  a  present-day  motor- pump  can 
be  coupled  through  a  single  mesh  of  spur  gearing.  The  necessary 
technology  to  build  such  gearing  with  long  life  capability  at 
high  speed  is  presently  available  without  further  need  for 
development. 

6.  The  energy  storage  suistation  concept  will  enhance  survivability. 
This  conclusion  is  derived  from  several  basic  characteristics  of 
the  system  as  follows; 

a.  The  energy  storage  substation  reduces  the  size  of  the  power 
generation  and  distribution  system,  thus  reducing  its  target 
area  with  respect  to  enemy  groundfire. 

b.  The  energy  storage  substation  is  adaptable  to  use  in  armored 
power  packs  close  to  the  point  of  power  usage. 

c.  The  energy  storage  substation  is  amenable  to  a  variety 
of  power  inputs  (hydraulic,  pneumatic,  electrical,  or 
mechanical) . 
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d.  If  the  power  from  the  primary  power  source  is  inter¬ 
rupted  for  any  reason  (such  as  gunfire  damage),  the 
stored  energy  in  the  substation  will  give  the  air 
vehicle  greatly  enhanced  "get  home"  capability. 

e.  The  flywheel  containing  energy  storage  substation  is 
very  amenable  to  mechanical  power  extraction.  In  its 
turn,  mechanical  power  extraction  when  developed  will  make 
possible  the  construction  of  a  compact,  relatively  pro¬ 
jectile-resistant  package. 

The  conclusions  which  can  be  drawn  with  respect  to  the  various  compon¬ 
ents  making  up  the  energy  storage  substation  are  as  follows: 

1.  Motor  Pump  (New  York  Airbrake  -  Part  No.  64  WK020152)  -  After  it 
was  found  that  this  unit  must  operate  at  150  to  200  psi  case  pres¬ 
sure,  the  performance  of  the  motor-ounp  was  consistently  successful. 
Both  the  continuous  duty  test  and  the  intermittent  duty  tests  show 
that  the  principle  of  storing  and  extracting  energy  by  means  of  a 
motor-pump  is  a  very  practical  approach. 


2.  Gearbox  (Vi-Star  Gear  Company  -  Model  6701)  -  This  gearbox  was 
operated  at  8,000  rpm  input  and  52,400  rpm  output  and  proved  to  be 
extremely  rugged  and  reliable.  Even  though  the  gearbox  was  occa¬ 
sionally  inadvertently  abused,  there  was  no  failure  chargeable  to 
the  gearbox.  One  of  the  gearboxes  in  the  program  has  logged  in 
excess  of  1,576  hours  and  the  other  two  range  between  100  and  200 
hours. 

3.  Flywheel  (North  American  Rockwell  Corporation  -  Part  No.  DIR  2655- 
107)  -  Except  for  the  processional  load  problem  previously  dis¬ 
cussed,  the  flywheel  has  proved  to  v  ,»  an  extremely  reliable  device. 
Several  interesting  failure  mode  characteristics  were  uncovered  as 
follows : 

a.  In  the  event  of  bearing  failure,  the  flywheel,  acting  as  a  gyro¬ 
scope,  continues  to  rotate  around  its  own  axis  using  the  remain¬ 
ing  bearing  as  support.  The  only  sign  of  failure  is  rapid  bear¬ 
ing  temperature  rise.  There  is  very  little  audible  sound  level 
change  and  the  flywheel  will  coast  to  a  stop  smoothly  on  shut¬ 
down. 

b.  The  flywheel  tip  is  traveling  at  132,000  feet  per  minute  (mach 
2.3)  in  an  evacuated  housing  (2  cm  Hg  abs).  It  was  originally 
feared  that  if  a  leak  occurred  and  a  lubricating  oil-air  mixture 
entered  the  housing  there  was  danger  of  a  fire  or  explosion. 
Several  leaks  of  this  type  have  occurred  and,  so  far,  the  only 
effect  lias  been  flywheel  slowdown  and  increases  in  flywheel 
housing  temperatures  approaching  350°  F.  In  one  instance,  mer¬ 
cury  was  drawn  into  the  housing  from  a  manometer.  The  result 
was  a  rapid  flywheel  slowdown  and  degradation  in  flywheel  tip 
strength  from  260,000  psi  tensile  to  210,000  psi.  Based  unnn 
this  tensile  strength  decrease,  it  is  believed  that  the  tip 
temperatures  exceeded  600°  F.  However,  nothing  untoward 
occurred  and  this  flywheel  is  the  one  which  continued  to  com¬ 
plete  the  continuous  duty  cycle  endurance  test. 

c.  Vibration  at  critical  speeds  were  considered  a  major  problem 
which  might  lead  to  early  flywheel  failure.  However,  the  fly¬ 
wheels  used  for  this  program  were  balanced  to  less  than  0.005 
inch- ounce  and  no  critical  speeds  were  encountered  for  any  of 
the  three  flywheels  involved. 

4.  Evacuation  vScavenge  and  Lubricating  Systems  -  These  functions  were 
acconplished  by  a  compact  stack  of  W.  II.  Nichols  "Gerotor"  punps 
driven  by  a  common  drive  shaft.  All  three  systems  worked  without 
incident  throughout  the  test  in  spite  of  the  fact  that,  in  at 
least  two  instances,  large  quantities  of  metal  chips  resulting  from 
a  flywheel  bearing  failure  passed  through  the  scavenge  pump.  The 
most  interesting  conclusion  reached  is  the  fact  that  a  small  gear 
pump  will  consistently  maintain  a  vacuum  of  2  to  3  cm  Hg  abs  when 
its  outlet  is  wetted  with  oil. 
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Essentially  there  are  two  principal  uses  for  flywheels.  One  is  to 
create  precessional  forces  (such  as  gyroscopes),  the  other  is  to  store  up 
kinetic  energy.  This  program  demonstrated  the  use  of  optimized  energy  storage 
flywheels  for  the  purpose  of  supplying  peak  energy  demands  in  aircraft  flight 
control  and  utility  actuation  function  duty  cycles. 

Three  simulators  were  used.  One  was  a  tilt  table  for  Investigation  of 
precessional  loads  on  bearings.  Another  was  the  XB-70  landing  gear  simulator 
for  demonstration  of  both  hydraulic  and  mechanical  power  extraction  from  fly¬ 
wheels  in  the  performance  of  intermittent  type  of  aircraft  actuation  duty  cycles. 
A  third  simulator  demonstrated  1,500  hours  of  aircraft  flight  control  operation, 
wherein  a  bank  of  three  XB-70  elevons  were  supplied  one  third  of  their  peak 
hydraulic  flow  from  a  motor-pump  driven  by  a  flywheel.  Thw  test  demonstrated 
300  flights  of  5  hours  each. 

The  program  demonstrated  the  operating  characteristics  and  the  feasibility 
of  using  flywheel  energy  storage  substations  in  the  accomplishment  of  aircraft 
actuation  functions.  The  program  also  verified  the  validity  of  the  weight  saving 
estimates  made  in  Phase  I. 
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